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ABSTRACT
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Title: Blast-Induced Traumatic Brain Injury and Subsequent Susceptibility to Parkinson’s
Disease

Major Professor: Dr. Riyi Shi, M.D., Ph.D.

The prevalence of blast-induced traumatic brain injury (bTBI) is steadily increasing due
to escalated terror activities and constitutes the signature injury associated with the current
military conflicts. Specifically, a mild-bTBI is the most common injury encountered by our
military personnel. This type of injury presents a problem because the individual is initially
asymptomatic and functional. Increasing studies have suggested that this type of injury may
produce long-term neurological consequences that affect the resilience and the performance of
soldiers both on and off the battlefield. One such example is an increased susceptibility to
Parkinson’s disease (PD) by as many as three folds post-blast injury when compared to the
general population. A critical strategy aiming at curtailing this alarming trend is to further our
knowledge of pathogenic mechanisms responsible for the escalation of post trauma
neurodegenerative diseases. The specific aim of this investigation was to identify the molecular
mechanisms underlying the susceptibility to PD in post-blast rats.

To this end, we have identified acrolein, a highly reactive aldehyde that persists days to
weeks following CNS injury and perpetuates oxidative insult, as a point of convergence between
bTBI and PD. Specifically, we have found that the elevation of acrolein post-blast is capable of
triggering pathological changes in the vicinity of the basal ganglion, a known location of brain
damage in PD. In particular, we have found signs of neuroinflammation and protein aggregation
in blast animals that resembles the pathology in PD, although to a lesser extent. In addition,
although a mild blast injury alone cannot elicit typical motor deficits seen in a PD model,
additional application of a subthreshold PD-inducing toxin could lead to such deficits. Taken
together, we hypothesize that bTBI triggers neurochemical events, such as neuroinflammation
and oxidative stress, galvanized by acrolein, could increase the susceptibility of the blast-injured
rats to PD and when other PD-triggering factors are present. As such, we hypothesize that

acrolein is a key pathological factor linking bTBI and the development of PD in our rat model.
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The results from this project are expected to advance our understanding of the long-term
consequences of blast-related injuries leading to the development of PD. These efforts could
eventually lead to the establishment of biomarkers for an earlier diagnosis as well as strategies
for prevention and treatment to curtail the elevating incidence of post-bTBI PD, and significantly
improve the quality of life for our men and women who suffer a great deal to ensure our

freedom.



1. INTRODUCTION AND BACKGROUND

1.1. Blast Injury Epidemiology and Research Relevance

Blast-induced traumatic brain injury (bTBI) has been a frequent mode of injury associated
with increasing efforts against the global war on terrorism and other war-related conflicts [1-3].
Its prevalence has gradually increased in the past decade and has been deemed the “signature
wound of the military” [1, 4-6]. Exposure to the primary pressure wave produced by explosive
devices is responsible for many of the war-related pathologies during Operation Iraqi Freedom
and the Global War on Terror [1]. Recent data have indicated that sixty-five percent of all
combat injuries are from explosive blast events. Sixty percent of warfare casualties sustained
during current military endeavors in Iraq can be attributed to improvised explosive devices
(IEDs) [1, 5-9]. Accordingly, the U.S. Department of Defense has invested a yearly budget of
3.5 billion dollars to improve prevention and treatment of blast injuries [10-13].

Epidemiological studies have shown that bTBI is associated with subsequent neurological
deficiencies including brain trauma and spinal cord injury, which can lead to dysregulation of
neuronal processes resulting in decreased function [4, 9, 14-17]. Particularly, 15% of troops
serving in Iraq show some level of neurological impairment due to blast exposure, and their
symptoms are highly correlated with mild TBI (mTBI) [18]. Majority of the mTBI encountered
in the military are from blast related incidence, hence there is an increased prevalence of blast-
induced mTBI (referred to here as mbTBI to avoid confusion with conventional impact-
acceleration TBI) [2, 19], fostering growing concern that blast-related injury may produce long
term consequences and affect the resilience and performance of active duty groups [5]. These
consequences include depression [20], memory loss [21], dementia [22, 23], and increased
susceptibility to Parkinson’s disease (PD) [24-26], among others. The risk underlying this
pathology is exacerbated by its subclinical nature that can delay treatment past a prime window
for intervention. A vital goal aimed at curtailing post-deployment long-term consequences of
mBINT is to further our knowledge of pathogenic mechanisms responsible for the escalation of

post-mBINT consequences.



1.2. Definition and Pathophysiology of Blast Injury

‘Blast injury’ refers to the clinical syndrome describing the pathophysiological effects of an
organism exposed to a high explosive detonation [27]. The Center for Disease Control and
Prevention has divided blast injury into four distinct categories: primary, secondary, tertiary, and
quaternary blast injury. Secondary, tertiary and quaternary blast injuries are similar to other
forms of trauma and have been extensively studied. However, the etiology and mechanisms of
the primary injury are not well characterized, and therefore, the main focus of this research.
Primary blast injury is the result of a blast-wave impacting bodily tissue and is considered a
unique injury modality separate from the other categories. The exposure of bodily tissue, such as
the brain, to a shock wave results in a complex series of events. The impact force caused by the
shock wave is particularly detrimental to the central nervous system (CNS).

The pathology of blast injury can be through direct contact of the pressure wave to the
cranium and/or indirectly to the thoracic region [28-31]. Tissue disruptions in the brain can
damage the walls of blood vessels and glial end-feet, which can lead to the disruption of the
blood brain barrier (BBB) resulting in increased vascular permeability and subsequent pro-
inflammatory response [32, 33]. It is still unclear whether this inflammatory response is
beneficial or deleterious, however the over stimulation of this bio-signaling cascade and pro-
inflammatory responses following injury can induce neurodegeneration in the neighboring
neurons and can result in scar formation [33, 34]. From these events, it is apparent that BINT
compromises the brain’s defense systems in the BBB in some manner. Neurons require a stable
environment to thrive and signal properly and, as such, the post-BINT brain microenvironment
can induce large amounts of stress on neuronal tissue.

Additionally, direct damage to the neuronal membranes can lead to an ionic imbalance, and
therefore can cause the influx of calcium in the extracellular space. This can trigger an
apoptotic-signaling cascade via calcium dependent kinase and protease activation. Activated
calcium-dependent proteases such as calpain have been shown to dismantle proteins that anchor
myelin to the axonal membrane [35]. Furthermore, damaged neurons can generate reactive
oxygen species (ROS), elevate oxidative stress, and lead to further cellular and mitochondrial
membrane damage via lipid peroxidation. These damages can lead to the production of reactive

aldehydes such as acrolein, which can generate more ROS. This process of self-propagation can



easily overcome the endogenous antioxidant defense system of the neurons and thus can lead to

neurodegeneration.

It is clear that the biochemical events (secondary injury) following a blast-induced
neurotrauma play a critical role in the pathological progression of the injury (Fig. 1). Of
particular interest is the production of ROS after a blast injury, which can lead to the production
of reactive aldehydes such as acrolein, and can perpetuate to generate more ROS. Acrolein, a
highly reactive product of lipid peroxidation that produces toxic intermediates, highly reacts with
glutathione, the most abundant antioxidant found in cells [36, 37]. A self-propagating cycle,
local acrolein-induced depletion of glutathione may play a significant role in the pathogenesis of
blast injury and perhaps its long-term consequences. Currently, there is no effective treatment to
halt secondary injury processes partly due to the lack of understanding of the pathological
pathways of these injuries following a traumatic brain injury [38], particularly, BINT. This
study proposes that oxidative stress, particularly that perpetuated by acrolein, plays a major role
in the pathology of blast injuries and can contribute to long-term consequences such as

Parkinson’s disease.
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Figure 1: Acrolein Generation Cycle After Neural Trauma. This diagram shows a
biochemical cascade of cellular responses after a neural trauma. The tissue disruption and
structural damages leads to these biochemical changes. In particular, the ROS (such as H O,)

generated by oxidative stress, can readily produce hydroxy radicals (OH*). These radicals
induce lipid peroxidation and produces reactive aldehydes such as acrolein, which can directly
damage protein, RNA and DNA; and indirectly generate more ROS.

1.3. Oxidative Stress, Lipid Peroxidation, Acrolein Production and Scavengers

Oxidative stress is a collective term used to describe free radical overproduction due to
cellular processes. Accumulation of reactive oxidative species (ROS) leads to the activation of
several pathways, and is thought to be a major cause of various diseases such as of Alzheimer's
disease (AD), amyotrophic lateral sclerosis (ALS), and Parkinson's disease (PD) [39]. The
elevation of ROS induces lipid peroxidation, an oxidative degradation of lipids [40]. In the
central nervous system, the majority of oxidative stress is manifested by lipid peroxidation, and
this leads to the generation of reactive aldehydes such as acrolein and 4-hydroxy-2-nonenal

(4HNE) [41-43]. These aldehydes have been shown to modify amino acids, proteins, and



nucleic acids through covalent interactions to form irreversible adducts, thereby inhibiting their
synthesis and interfering with their function [44-47]. Furthermore, these products have been
shown to induce cell death in cultured neurons [45, 48].

Acrolein is the most reactive of the o, B-unsaturated aldehydes produced endogenously
during lipid peroxidation. Acrolein interacts with the sulfhydryl group of cysteine, the amino
group of lysine, and imidazole group of histidine forming covalent adducts [44, 49, 50]. Due to
its high reactivity towards biomolecules, the excessive endogenous production of acrolein can
inflict significant damage within the CNS. Specifically in spinal cord injury, acrolein can induce
chemical or secondary damage following the mechanical trauma and has been shown to be
highly elevated [51]. Similarly, microinjection or in vitro exposure of acrolein to the spinal cord
promotes tissue damages including demyelination and cell death. These damages were
associated with the motor and sensory behavioral deficits of spinal cord injury [37, 52-55]. With
acrolein’s relatively long half-life and its proven neurotoxicity, eliciting damages observed in
neuronal trauma and degenerative diseases [56, 57], we speculate similar biochemical changes
and damages in the brain neurons as a result of the mechanical stress induced by BINT.
Therefore, mechanical trauma resulting from BINT can provide an initial source of acrolein in a
lipid-rich environment of the brain, which is highly susceptible to lipid peroxidation due to its
high lipid content attributed to abundance of myelin and axonal membrane. Additionally, it has
been reported that overproduction of acrolein significantly elevated oxidative stress through
depletion of glutathione [54]. This leads to a self-regeneration concept, where oxidative stress
via lipid peroxidation leads to the production of acrolein, and acrolein in itself can perpetuate
oxidative stress (Figure 1). Therefore, the removal of acrolein stunts this cycle proving

beneficial for therapeutic intervention and ideally prevention of disease pathology.



Free acrolein (active)

NO
=N H \l\]l
/"IJ - =N
HN
HoN”™ \N/\/

Hydralazine Bound acrolein (inactive)

Free acrolein (active)

/\]/O
©/VNH\ : ©/\/NH\N/\/
NH, -

Phenelzine Bound acrolein (inactive)

Figure 2: Inactivation of acrolein by acrolein scavengers: hydralazine and phenelzine

Due to the highly reactive properties of acrolein and its ability to modify cell
macromolecules underlying its toxicity, a trapping agent would be ideal to prevent such damage.
The antihypertensive drug, hydralazine is to date the most studied and well characterized of the
acrolein scavengers. It has been demonstrated to bind and neutralize acrolein [58-60] and
acrolein-protein adducts [61-63]. Additionally, it has also prevented acrolein-mediated cell
death and injuries in vitro [64, 65]. The hydrazine group of hydralazine has been identified to
react with acrolein, at a 1:1 ratio [60, 63] (Fig. 2). However, hydralazine’s vasodilatory effect is
one of the limitations for therapeutic purposes, mainly because it would be undesirable for a
patient that suffered from spinal cord injury or blast, as they may be likely suffering from a
neurogenic shock. In addition, the half-life of hydralazine does not exceed one hour, which
potentially limits its therapeutic efficacy in suppressing acrolein generation and related chronic
oxidative stress processes [66].

Phenelzine (PLZ), an irreversible non-selective monoamine oxidase inhibitor (MAOI), has
been primarily utilized for the treatment of depression [67-69], but also in other psychiatric
disorders such as panic disorders [70, 71], social anxiety disorders and post-traumatic disorders

[72-74]. Phenelzine, like hydralazine has a hydrazine group rendering it a potential acrolein



scavenger (Figure 2). PLZ has also been shown to be neuroprotective in a gerbil model of
forebrain ischemia by reacting with 3-aminopropanal (3-AP) to form hydrozone, and provides
neuroprotection from acrolein induced LDH release in vitro [75]. Additionally, PLZ alleviates
oxidative stress through acrolein scavenging in a traumatic spinal cord injury rat model [37].
PLZ is not a vasodilator and can be administered safely at higher doses compared to hydralazine.
A 15 mg/kg dosage was given subcutaneously to gerbils after ischemia-reperfusion brain injury
and effectively neutralized reactive aldehydes such as acrolein, providing neuroprotection [75].
In this study, we used PLZ as an acrolein scavenger following blast injury in efforts to prevent

PD-like symptoms in our rat model.

1.4. Parkinson’s Disease Neuropathology

Parkinson’s disease (PD) is an age-related neurodegenerative disease affecting about 1-3% of
the population over 50 years of age [76, 77]. PD is characterized by relatively selective,
progressive degeneration of the dopaminergic (DA) neurons in the substantia nigra and the
presence of LB inclusions in the affected brain regions. The lack of dopamine supply to the
striatum is the major contributing factor to motor dysfunction phenotypes of PD, including
shaking tremors, rigidity and gait disturbances. The current therapeutic interventions include
drugs such as dopamine agonists and MAO-B inhibitors to increase dopamine levels and at time
deep brain stimulation are currently available. However, these treatments only provide relief
rather than a cure or preventive measure for combating disease symptoms and the risk-benefit
profiles of current treatment options are still inadequate.

This shortage of effective treatments for PD is partially due to our limited understanding of
the mechanisms of dopaminergic neuronal death. Therefore, the current treatments only provide
symptomatic relief rather than addressing the major cause of the disease. a-Synuclein, the major
component of LB inclusions is thought to play an essential role in the pathogenesis of PD [78].
Modified a-synuclein is found within LB inclusions in a PD brain, and mutations in the o-
synuclein gene are associated with familial PD [79, 80]. The formation of LBs has been linked
with oxidative stress, which is also consequently elevated in PD patients [81-83]. a-Synuclein
also has abundant lysine-rich repeats, making it more vulnerable to oxidative stress and the
reaction with acrolein [84]. Therefore, we can speculate that a-synuclein aggregation is a major

player in DA cell death seen in PD.



It is well established that oxidative stress and lipid peroxidation play important roles in
mediating the death of DA neurons [85, 86]. The challenge in the field of PD is to further
understand mechanisms of oxidative stress and to identify novel and more effective targets to
prevent DA cell death. As mentioned previously, acrolein, produced by lipid peroxidation, can
directly damage nerve cells and generate free radicals. Our lab has also shown that in a cell-free
system and in vitro studies, acrolein can induce a-synuclein aggregation and leads to neuronal
death (data not shown). These findings have led us to postulate that acrolein plays a critical role
in neurodegeneration associated with PD. Consequently, it is also important to consider other
contributing factors that lead to PD, such as traumatic brain injury (TBI). Epidemiological
studies have demonstrated that TBI is a risk factor for PD [87], however the link between the two
remains unclear. Previously, our lab has shown the role of acrolein in a PD rat model and in a
blunt-force impact TBI model, but not in a BINT model. We further speculate that the acrolein
post-blast injury can contribute to the development of a PD-like pathology. This study
investigates the susceptibility to PD following a blast injury and we speculate acrolein plays a

major role in linking blast injury and PD.

1.5. Research Statement and Aims

Blast induced neurotrauma injuries are usually accompanied by affective disorders and have
been linked to an increased risk of developing PD [4, 9, 14-17]. The primary physical trauma
sustained from an injury, such as blast injury, is exacerbated by altered physiological conditions
including cerebral blood flow, intracranial pressure, inflammatory response activation and
phospholipid metabolism, which lead to a delayed phase of chemically-mediated damage termed
“secondary injury” [88-93]. Particularly, in human post-mortem brain tissue analysis and animal
studies, TBI can induce abnormal a-synuclein accumulations in the axonal swellings, dystrophic
neurite formation [94-96], and inflammatory response [97]; similar to what is observed in PD
pathology. However, due to inadequate knowledge of underlying mechanisms of both TBI and
PD, common pathogenic features remain elusive and therapeutic options are limited. Recently,
oxidative stress, the underlying mechanism of secondary injury, has emerged as an important
feature of both neural trauma [28, 98] and neurodegenerative diseases, particularly PD [99-102].
However pharmacologically eliminating free radicals offers marginal neuroprotection and has

had limited success in attenuating further progression of damage. Our lab has identified acrolein,



a highly reactive aldehyde that persists days to weeks following injury and perpetuates oxidative
insult, as a potential therapeutic target to curtail chemically-mediated damage, a common
feature of TBI and PD.

Despite strong interest, the cellular mechanisms of blast-induced brain injury are essentially
unknown due to limitations of human studies and insufficient investigation in animal models,
specifically the most common type of blast traumatic brain injury, the mild bTBI. We have
recently established a novel rat blast-induced brain injury model that displays significant
biochemical and behavioral deficits in the absence of conspicuous acute motor deficits, shown in
Fig. 1, [103] a phenotype that closely resembles the mild BINT human condition [104]. The
development of such model will allow us to quantify the injury sequelae as well as investigate
potential treatments to alleviate potential neurodegeneration. In order to provide a holistic model
of injury, as it would progress in clinical cases, we must use an approach that allows us to
monitor the injury in vivo.

Using the blast-model, we have found that acrolein, a well-known key neural toxin and
marker of oxidative stress [44, 91], is significantly elevated in brain tissues (using dot blot) and
in urine through the measurements of 3-HPMA, an acrolein metabolite, in days post-injury (data
not shown). On the other hand, our lab also investigated that in a 6-OHDA-induced PD animal
model, acrolein is elevated. Furthermore, lowering of acrolein using a well-known acrolein
scavenger, hydralazine, could lead to alleviation of motor deficits implicating a pathological role
of acrolein in PD. Consistent with role of acrolein in PD pathology, our lab in collaboration with
Dr. Rochet, has shown that acrolein can promote a-synuclein aggregation, one of the hallmarks
of PD in vitro and in vivo. In addition, acrolein is a known pro-inflammatory aldehyde [105,
106] further suggesting its putative role in inflammation, both in blast injury and PD. In
summary, our preliminary data strongly suggest that acrolein plays a critical role in the
pathogenesis of PD by directly promoting a-synuclein aggregation, and instigating
neuroinflammation, which further exacerbates a-synuclein aggregation. The purpose of this
project is to investigate the molecular mechanism underlying the susceptibility of PD in post-
blast rats. Our hypothesis is that acrolein is the key, linking blast injury and the development of

PD in our rat model. To test this we aim to:
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AIM 1. Characterize behavioral deficits and evaluate oxidative stress-related biochemical
changes after mild blast-induced traumatic brain injury, and its possible causal effects to enhance

susceptibility to PD.

AIM 2. Investigate the behavioral deficits following mild blast-induced traumatic brain injury

and sub-threshold 6-OHDA nigral injection.

AIM 3. Investigate the neuroprotective role of acrolein scavengers such as phenelzine, to

mitigate PD-like behavioral deficits following blast-induced traumatic brain injury.



11

2. BEHAVIORAL ASSESSMENT & BIOCHEMICAL
CHARACTERIZATION OF MILD-bTBI

2.1. Mild bTBI Behavioral Assessment

2.1.1. Rationale

Despite the aforementioned short and long term consequences of mild blast injuries, the
underlying mechanisms governing the associated functional loss are poorly investigated. This
lack of understanding is due in part to limitations of human studies and insufficient investigation
in animal models. As such, we have successfully established a rodent model of mild bTBI,
which resembles the human condition. Our model utilizes a consistent pressure intensity wave to
induce mild bTBI (data not shown) and lacks gross hemorrhage and neurocognitive deficits at 24
and 48hrs post-injury that is consistent with the human cases of mild bTBI [107, 108].
Currently, there is a limited set of unproven and under-investigated hypothesis regarding primary
bTBI pathophysiological mechanisms. By developing a reproducible model of mild bTBI, we
can elucidate underlying pathophysiological cellular responses and better identify targets for
therapeutic intervention.

2.1.2. Brief Methods

2.1.2.1.  Animal model of primary blast induced neurotrauma

Animals were anesthetized with 80 mg/kg ketamine and 20 mg/kg xylazine cocktail.
After verification of absence of toe-withdrawal reflex, they were secured in open-ended shock
tube style blast apparatus and a body shield was placed over the animals for protection during
injury allowing for the study of mild TBI without systemic confounders. Mild bTBI was
produced by a blast wave generator, which delivered a global blast pressure wave in a laboratory
setting. Blast generation was achieved when pressure built up in a reservoir until it exceeded the
burst strength of the diaphragm. The blast wave was directed downward at a distance of 50 mm
from the nozzle of the blast generator to the head of the animal, with a peak pressure of 150 kPa.
Sham animals were anesthetized accordingly and place in the same room of the blast set-up but

outside the blast wave range.
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2.1.2.2.  Behavioral assessment methods
Gross motor deficits were examined by 5 minute excursion sessions in an open field
activity box as described by Koob et. al.[109] with video feed motor metric analysis conducted
using AnyMaze software (Stoelting Co., Wood Dale, IL). Briefly, the activity was evaluated for
distance travelled, average speed, and maximum speed. Additionally, rats were evaluated for
locomotion on a rotarod. The rotarod speed ramped gradually from 0 to 30 revolutions per
minute (rpm) over three minutes and remained at 30 rpm until stopping at the three minute and
thirty second mark or earlier if the rat falls. Sham animals (anesthesia and blast noise only
without shock wave exposure) were examined in tandem to control for lingering effects of
anesthesia in the acute post-injury period.
2.1.3. Results and Discussion
2.1.3.1.  Rotarod and open-field behavioral assessment results
The rotarod motor function test revealed no statistically significant difference between blast

and sham group. Prior to the injury, animals were trained with a protocol designed to ensure
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familiarity and ability to complete the task. Rotarod test was assessed by maximum speed and
total run time at 24 and 48 hours post-injury (Fig. 3).

Behavioral analysis of motor function in an open-field activity box at 24 and 48 hours post-
blast showed no significant deficits resulting from the blast injury (Fig. 5). Analyses included
average speed (A), maximum speed (B), and total distance traveled (C). No statistically
significant differences were found before or after blast in any of the three assessments related to
open-field activity (n=4/group). This lack of gross motor deficits in rotor rod and open box is
consistent with lack of motor deficits in the acute term after a mild blast-induced neurotrauma
observed in human cases [107, 108, 110].

Despite the increasing studies that have further our understanding of primary blast injury
models and pathophysiology, post-bTBI physiological modifications have yet to be studied in the
context of injury which requires the assessment of acute and long term functional neurological
outcomes and post -mortem tissue analysis. According to Center for Disease Control (CDC) and
Department of Defense (DoD) mild bTBI is characterized with a loss of consciousness (LOC) <
30 minutes, Glasgow Coma Scale (GCS) 13-15 following LOC, post-traumatic amnesia <24hrs,
and no evidence of gross intracranial hemorrhage[107, 108]. Due to inter-species variation and
differing modes of blast generation between investigators, post-blast outcomes must be used to
assess bTBI severity and verify consistency with accepted guidelines within one’s own model.
Our model is based on prior work [111] and existing literature to mimic a mild-blast traumatic
injury as encountered by humans[112-116]. To our understanding, this is the first study to
establish a symptom-based validated model of mild bTBI in rodents.

Typical assessments of motor and cognitive function are provided clinically following brain
injury, however patients that are exposed to a mild brain injury are often asymptomatic and
therefore are mostly undiagnosed. [107, 108]. In this study, we provide a consistent model of
mild bTBI that lacks motor and cognitive deficits 24 and 48 hours post injury which is typical of
the clinical human mild bTBI [107, 108]. Additionally, we found that the blood-brain barrier is
compromised, inflammation, and oxidative stress is increased following acute exposure to mild-
bTBI in our rodent model (Walls paper). We hypothesize that these biochemical cascades post-
injury plays a critical role in the development of long term consequences such as the

development of Parkinson’s disease.
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2.2. Short-Term Mild bTBI Biochemical Assessment
2.2.1. Introduction and Rationale

In the general civilian population, traumatic brain injury (TBI) has been independently
identified as a risk factor for Parkinson’s disease (PD), suggesting TBI increases PD
susceptibility [26, 117, 118].  Athletes, boxers, and veterans, all of whom are at-risk sub-
populations for traumatic brain injury (TBI), have a higher risk of developing Parkinson’s
disease (PD) symptoms later in life [119]. Veterans, specifically, have been reported to be three
times as likely to develop PD when compared to the general populous [4, 120-124]. The majority
of combat-related TBI results from explosive blasts (b-TBI) [2, 125], which are most commonly
mild in nature (mb-TBI) [19, 126-131]. Mild brain injuries often go undiagnosed or unreported,
fostering growing concern that clinically ‘silent’ injuries may later precipitate PD, among other
consequences [5]. Unfortunately, despite mounting clinical evidence associating TBI and PD,
mechanisms by which TBI-related injurious processes increase PD susceptibility are poorly
understood.

During TBI, including those from blast exposure, the brain immediately undergoes primary
physical damage to neurons, glial cells, and microvasculature. Primary injury induces secondary
cellular and biochemical processes including oxidative stress, lipid peroxidation, abnormal
protein aggregation, inflammation, and neuronal death [33, 119, 132, 133]. Secondary injuries
initiate on the order of minutes after injury and, even after mild injuries, can continue for months
[2, 28, 134-137]. In contrast, idiopathic PD pathophysiological processes occur over the course
of many years. In humans, the TBI-PD relationship is thus difficult to mechanistically study as a
result of the separation between TBI occurrence (usually younger, more active years) and PD
onset (average age: 60), which would require involved, expensive longitudinal studies. As such,
animal models are not only suitable, but also necessary for such investigation. Despite the
temporal disconnect in humans, it has been demonstrated that TBI secondary injury processes
overlap with the degenerative processes observed in PD [119, 138, 139], giving invaluable
guidance for investigation using animal models.

PD is classified as a synucleinopathy due to its hallmark pathological finding, Lewy body
inclusions, which are primarily composed of insoluble, abnormally aggregated a-synuclein (a-
syn) protein fibrils [78, 80]. a-syn is thought to play an essential role in PD pathogenesis, with its
aggregation leading to dopaminergic cell death in the substantia nigra (SN) and depletion of the
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brain’s supply of dopamine in the striatum (STR) [78, 80, 81, 140]. In conjunction to dopamine
depletion, the overall activity and protein levels of tyrosine hydroxylase, a rate-limiting enzyme
for catecholamine synthesis (including dopamine), are decreased in the SN of PD patients [141,
142]. Consequently, due to the critical role of the dopaminergic nigrostriatal pathway in motor
coordination, the cardinal clinical signs of PD emerge: tremor, rigidity, slowness of movement,
and postural instability [143-145]. Interestingly, a-syn protein is highly vulnerable to attack by
reactive oxygen species and reactive aldehydes, which are suspected to promote its
oligomerization and further induce oxidative stress [146], perhaps leading to elevated oxidative
stress markers in PD patients [81-83]. As mentioned above, oxidative stress is a known
consequence of TBI, suggesting a possible link and pathological convergence between TBI and
PD.

We have previously documented typical TBI primary and secondary injuries in a mild blast
induced-traumatic brain injury (mb-TBI). Specifically, we have noted conspicuous
microvascular damage, neuroinflammation, and increased oxidative stress in the hours and days
following injury [137]. Furthermore, we have discovered a significant elevation of acrolein, an
a,B-unsaturated aldehyde that is both a product and catalyst of lipid peroxidation and stimulator
of oxidative stress and inflammation. In the present investigation, we hypothesized that post-TBI
oxidative stress, particularly elevation of reactive aldehydes resulting from lipid peroxidation
(i.e. acrolein), could lead to aberrant expression of a-syn and dysregulation of dopamine
synthesis.

The present study extends our previous findings in the context of PD-relevant mechanisms
after mb-TBI, delving deeper into overlapping neurodegenerative processes shared by mb-TBI
and PD in the same animal preparation. Specifically, we investigated o-syn aggregation,
dysregulation of tyrosine hydroxylase, and lipid peroxidation in the whole brain, striatum and
substantia nigra regions post-blast injury. We demonstrate that acrolein can directly modify a-
syn and lead to its aberrant expression in vitro and likely in vivo as well, in addition to the
dysregulation of tyrosine hydroxylase. To our knowledge, this is the first direct in vivo evidence
implicating the post-TBI role of acrolein, or any other TBI secondary injury-related molecule, in
promoting PD-like abnormal expression of a-syn and dysregulation of tyrosine hydroxylase in

the brains of rats exposed to mild blast-induced traumatic brain injury.
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2.2.2. Brief Methods
2.2.2.1.  Post-mortem brain tissue preparation and Western blotting

For the whole brain mapping of acrolein-lysine adducts, after transcardial perfusion 24-hr
post blast injury, whole brains were quickly removed and frozen with dry ice and stored in the -
80 °C until processing. Microdissected regional lysates were obtained in 6 consecutive coronal
sections, starting just rostral to the olfactory bulb. The coronal sections were each subdivided
with 2 frontal cuts and 2 sagittal cuts into 9 distinct regions per section. Coronal sections were
cut at the following locations with respect to Bregma (mm): +4, +2, 0, -2, -4, -6, and -9 into
sections A-F as illustrated in Figs. 6-12 (according to Paxinos and Watson The Rat Brain Atlas).
Viewed from the anterior of the specimen, segments will numbered viewer left (subject right) to
viewer right (subject left), top (dorsal) to bottom (ventral) such that segments 1, 4, and 7
correspond to R hemisphere neocortex; 3, 6, and 9 correspond to L hemisphere neocortex; 2
corresponds to midline dorsal neocortex; 5 and 8 correspond primarily to subcortical regions.
Protein lysates and western blot (acrolein-lys-adducts) were done as described below.

Rats were sacrificed for Western blot at 2 days, 7 days post-mild blast TBI and sham group.
After deeply anesthetized with 80 mg/kg ketamine and 20 mg/kg xylazine cocktail, animals were
transcardially perfused with Krebs solution and decapitated. Whole brains were quickly removed
and frozen on dry ice and stored in the -80°C until processed. Tissue from the striatal regions
(STR: B5 (anterior), C5 (posterior)) and substantia nigral region (SN: E8) was dissected out
according to Paxinos & Watson’s The Rat Brain Atlas as a reference guide for the regional
assessment (Supplementary Figure 1). Brain tissues were sonicated in 1x RIPA buffer (Sigma,
#R0278) with protease inhibitor cocktail at 1:100 final concentration (Sigma, P8340). Samples
were centrifuged at 15,000 g for 40 min at 4°C and only the supernatant was used for the
Western blot study. Protein concentrations were measured using the Bicinochoninic Acid protein
assay kit (Pierce, Rockford, IL, USA) and SPECTRAmax (Molecular Devices, Sunnyvale, CA).
Sixty micrograms of protein with 20% SDS, B-mercaptoethanol, and 2x Laemmli buffer were
loaded to a 15% Tris-HCL gels and electrophoresed at 80 volts for 2-3 hours. Proteins were then
transferred to a nitrocellulose membrane by electro blotting in 70 volts for 1-2 hours depending
on the protein size at 4°C in 1x transfer buffer with 20% methanol (Tris-Glycine buffer from
BioRad, Hercules). The membrane was blocked in 1x casein (Vector, #SP-5020) at room

temperature for 1 hr, and immunolabeled with one of these primary antibodies, anti-ACR



18

(Abcam, #37110), anti- a-synuclein (a-syn) (BD Transduction, #610786), anti-TH (Cell
Signaling, #27928S), anti-THpSer31 (Cell Signaling, #3370S), anti-THpSer40 (Novus, #NB300-
173), and anti-actin (Sigma, #A2066) at 4°C overnight. The experiments were run from the same
samples, accordingly from the whole brain, STR (B5, C5), and SN (ES8) lysates; and the
antibodies were run in parallel. The membranes were further incubated with either biotinylated
anti-mouse or anti-rabbit secondary antibody (Vector, #BA-2000, #BA-1000) at room
temperature for 1 hr. The DuoLux substrate (Vector, #SK-6605) immunodetection kit was used
for chemiluminescent signal acquisition and the Azure ¢c300 Western blot imaging system (Azure
Biosystems, Dublin, CA) was used to image the membrane. The AlphaView software (Protein
Simple, San Jose, CA) was used to quantify the relative signal for each band. Data are
normalized with actin, pTH-Ser31 and Ser 40 are normalized with unp-TH, and expressed as
percent control.
2.2.2.2.  Detection of acrolein (3-HPMA Measurements)

The quantification of acrolein and its metabolites in urine has recently been established
using liquid chromatography-mass spectroscopy (LC/MS); providing a non-invasive detection to
monitor acrolein and investigate its pathological role in brain injuries and other diseases [45, 58,
147-151]. Specifically, measurement of acrolein metabolites known as mercapturic acids in
blood, urine and feces using LC/MS have shown promise as reliable biomarkers to detect
acrolein [152, 153]. N-acetyl-S- (3-hydroxypropyl) cysteine (3-HPMA), the most common
mercapturic acid derived from reduction of acrolein by aldehyde reductase, is a stable and non-
toxic compound with feasibility of detection [154, 155]. Our lab has optimized a consistent
method of detecting 3-HPMA through LC/MS/MS providing a systemic measurements on
acrolein dynamics as described in Lingxing et al., 2013 [156]. For a thorough assessment of
acrolein levels in the urine, samples were collected one, two, five and seven days post-blast
injury in both the blast injured and sham/control rats.

2.2.2.3.  Detection of a-synuclein protein modifications by acrolein

Purified a-syn protein (2.5 uM in the final concentration) was incubated in the presence
of 0.125,0.25, 0.5, 1, 5, and 10 mM of ACR at 37°C for 20 h. Then equal volume of the loading
buffer (Laemmli sample buffer + B-Mercaptoethanol) was added to the reaction mixture and
heated at 95°C for 5 min. The samples were subjected to Western blot analysis, by loading on a

15% SDS-page gel, blotted on a nitrocellulose membrane, and probed with either anti- a-syn or
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anti-ACR antibody. The sample with only a-syn protein was used as a control and normalization
factor for quantification analysis.
2.2.2.4.  Immunoprecipitation assay post-mild bTBI

Immunoprecipitation of the whole brain lysates from sham (control), 2-days, and 7-days
post-injury was carried out using Pierce Classic IP Kit (ThermoFisher, #26146). In short,
2mg/mL protein lysate from each sample group was pre-cleared using the control agarose resin.
The lysate (2 mg protein) was incubated with either 5 pL of anti- a-syn or anti-ACR primary
antibody at 4°C overnight to from immune complex. A 20 pL of Pierce A/G Agarose was added
into the mixture to capture the immune complex and incubated at 4°C overnight. The elution of
the immune complex was carried out using the 2x non-reducing lane marker sample buffer and
DTT. The collection tubes were incubated at 100 °C for 5 min and eluates were applied to 15%
SDS-PAGE for immunoblotting with anti- a-syn and ACR was imaged using Azure c300
Western blot imaging system (Azure Biosystems, Dublin, CA).

2.2.2.5.  Immunofluorescence staining

Animals were anesthetized and perfused with 4% paraformaldehyde in Krebs solution.
Whole brains were extracted and placed in 15% sucrose solution until the tissue sinks followed
by 30% solution until the tissue sinks. When ready, tissue was frozen in OCT and sectioned
coronally at 25um in a cryostat (Leica). Sections were mounted on glass slides immediately after
cutting and stored at -20°C. Representative sections of the striatum and substantia nigra
(Bregmas approximately 0.7mm and -6.04mm) were selected for staining. Sections were first
hydrated in 1xPBS then permeabilized with 0.1% Triton X-100 followed by 3% Triton. Blocking
was done with 10% immunobuffer and primary antibody against Acrolein-Lysine adducts and a-
synuclein were mixed in 10% immunobuffer and left to costain overnight at 4°C. Sections were
incubated for 2hours at room temperature in secondary antibodies conjugated to fluorophores
(Jackson Immuno, Alexa 488 and 594). Cell nuclei were labeled with 4’, 6-diamidino-2-
phenylindole. Imaging was done with an Olympus IX51 fluorescence microscope. Figures were

constructed using Image J with the Figure J plugin.
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2.2.2.6.  Statistical analysis
All data are presented as mean + standard error of the mean (SEM). One way ANOVA
with Tukey or Fisher post hoc and Student’s t test were used for statistical assessment. The
statistical significance was set at p < 0.05.
2.2.3. Results
2.2.3.1.  Regional acrolein-lys adducts brain mapping post-mild TBI
Brain concentrations of acrolein peaked at 24 hours post-injury after a single, mild b-TBI.
To assess the spatial profile at peak elevation, we subdivided the forebrains of a separate cohort
of Sham (n = 5) and Blast (n = 5) animals at 24 hours post-injury (coinciding with peak acrolein
elevation) into 53 sub-regions for similar acrolein-lysine adduct immunoblotting analysis.
Overall, 8 out of 53 regions demonstrated significant increases in acrolein-lysine adduct
immunoreactivity after mild b-TBI when compared to Sham animals (Fig. 13). Areas with
significantly higher oxidative stress relative to Sham included those containing the orbitofrontal
cortex (OFC) and agranular insular cortex (AIC) bilaterally (A4 + A6), the anterior striatum
(BS), bilateral primary somatosensory cortices (C1 + C3), the caudal hypothalamus + rostral
midbrain (E8), and areas containing the auditory cortex + temporal association cortex +

hippocampal CA2 bilaterally (F4+F6).
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Figure 6: Layout of coronal sections used for Western blotting of acrolein-lys adducts. Adapted

from The Rat Brain Atlas (Paxinos and Watson).
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Figure 8: Layout and contents of coronal slice B. Adapted from The Rat Brain Atlas (Paxinos and Watson).
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Figure 9: Layout and contents of coronal slice C. Adapted from The Rat Brain Atlas (Paxinos and Watson).



25

D1 -D9

Bregma -2 to 4
: . s . R Hemisphere . .

o -7
Major Brain Regions
R Hemisphere Middle L Hemisphere
motor cortex, cingulate
cortex, somatosensory
Dorsal somatosensory cortex cortex, retrosplenial cortex, same as R Hemisphere
corpus callosum, anterior
hippocampus
auditory cortex,
Middle somatosensory cortex, thalamus “
insular cortex
most of amygdala (incl.
BLA and CeA, piriform w
Ventral cortex, perirhinal cortex, hypothalamus
ento/ectorhinal cortex

Figure 10: Layout and contents of coronal slice D. Adapted from The Rat Brain Atlas (Paxinos and Watson).
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Figure 13: Elevated acrolein-lys protein adducts levels in specific brain regions 24 hrs post-mild blast
injury. This figure illustrates specific brain region where oxidative stress is elevated post injury. We
dissected specific brain regions from 5 sham (control) and 5 24-hr post-blast injured rats, and isolated
protein lysates. Acrolein-lys adduct levels were measured using Western blotting and then normalized to
actin. Results displayed as ratio of blast/sham, with only statistically significant results shown in color. We
show elevated acrolein levels in the orbital cortex, forceps minor of corpus callosum, somatosensory cortex,
and insular cortex (A) both left and right hemisphere. (B) Acrolein is also significantly elevated in the
striatum, septal nuclei and forceps minor area. (C) Increased acrolein levels in the somatosensory cortex at
both hemispheres. (E) Increased levels of acrolein in the ventral mid brain area, including posterior
hypothalamus, substantia nigra, and ventral tegmentum. (F) Elevated levels of acrolein in the auditory,
temporal association cortex, perihinal cortex, ectorhinal cortex and lateral hippocampus.
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2.2.3.2.  Elevation of acrolein, 3-HPMA measurements, post-mild TBI

The endogenous acrolein metabolite, 3-HPMA (N-acetyl-S-(3hydroxypropyl) cysteine),
was measured in the urine post-mild blast TBI utilizing LC-MS-MS method (Fig. 14). Repeated
measures ANOVA indicate overall difference [F(4,2.3)=5.20, p=0.005] and pairwise comparison
using Fisher’s LSD shows significant increased of 3-HPMA levels post-injury as indicated in
Fig. 14. In the 1-day (1.93 + 0.46 pg/mg, n=5), 2- day (2.37 + 0.40 pg/mg, n=5), 5-days (1.78 +
0.15 pg/mg, n=4), and 7-day (2.35 +0.44 pg/mg, n=5) urine collection time points, compared to
their baseline (pre) (1.13 £ 0.22 ug/mg, n=5; *p<0.05, **p<0.01)

~0 OH
(\/
)’\N CCOH )LN,(CCOH
acrolein OPMA 3-HPMA
3- * *

N
1

o
1

Pre 1 2 5 7
Time post-blast (days)

3-HPMA/Creatinine (ug/mg)
v

Figure 14. Elevation of 3-HPMA in urine after mild bTBI. Upper panel: schematic of the acrolein
reaction with glutathione and production of the metabolites OPMA and 3-HPMA. Lower panel: Urine 3-
HPMA detected by LC-MS/MS normalized to urine creatinine content in the blast rats. Urine was collected
before injury (baseline), 1, 2, 5 and 7 days post-injury. Repeated measures ANOVA indicate significant
effect of day [F(4,2)=5.20, p=0.005]. Pairwise comparisons of post-injury 3-HPMA levels to baseline show
significant elevation of 3-HPMA that persists to at least the seventh day post-injury. Data presented as mean
+ SEM. Fisher’s LSD post-hoc test. ¥*p<0.05, **p<0.01.
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2.2.3.3.  Increased levels of acrolein-lysine protein adducts in the whole brain, STR
and SN regions

Acrolein levels after mild-blast TBI were measured in the whole, STR (B5 (anterior) and C5
posterior) and substantia nigral (E8) brain region by Western blotting (Fig. 15a, 16a,c, 17a). The
data shows a significant increase of the acrolein-lysine protein adducts after injury compared to
the control (uninjured) group in the whole brain, STR, and SN region lysates. All values were
normalized using B-actin and expressed as percent control. Specifically, in the whole brain
lysates ANOVA shows a significant group effect [F(2,22)=5.20, p=0.014] and pairwise
comparison shows a significant increase of acrolein-lysine adducts in the 2-day (22.96 + 4.97 %,
n=\8), 7-day (22.53 £ 8.01 %, n=8) post-injury groups compared to the control (100 = 4.28 %,
n=9; *p<0.05, **p<0.01) as shown in Fig 15b. In the striatal B5 (anterior) region ANOVA
analysis shows a significant group effect [F(2,9)=6.58, p=0.017)] and pairwise comparison
shows a significant increase of acrolein-lysine adducts in the 2-day (93.18 + 24.68 %, n=4), 7-
day (60.89 + 10.41 %, n=4) post-injury groups compared to control (100 £ 17.37 %, n=4;
*p<0.05, **p<0.01) as indicated in Fig 16b. Similarly, in C5 striatal region (posterior) ANOVA
analysis shows a significant group effect [F(2,10)=6.22, p=0.018)] and pairwise comparison
shows a significant increase of acrolein-lysine adducts in the 2-day (98.44 + 24.84 %, n=5), 7-
day (72.80 + 20.49 %, n=4) post-injury groups compared to control (100 £ 12.62 %, n=4;
*p<0.05, **p<0.01) as indicated in Fig 16d. In the substantia nigral region (E§) ANOVA
analysis shows a significant group effect [F(2,10)=5.61, p=0.023)] and pairwise comparison
shows a significant increase of acrolein-lysine adducts in the 2-day (81.66 + 23.64 %, n=5), 7-
day (117.57 £ 29.07 %, n=5) post-injury groups compared to control (100 = 19.8 %, n=4;

*p<0.05, **p<0.01) as indicated in Fig 17b.
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Figure 15. Acrolein-lysine adducts increase in whole brain preparation after mild bTBI.
(A) Western Blot image of acrolein-lysine modified proteins (FDP-Lys) and B-actin for each
group at control, 2-day and 7-day post-blast. All bands on the acrolein-lysine blot were used
for analysis for each group. (B) Quantification demonstrated significant difference between
control, 2-day post-injury, and 7-day post-injury [F(2,22)=5.20, p=0.014]. Data are relative,
normalized as percent control and presented as mean = SEM. Tukey’s post-hoc test. *p<0.05.
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Figure 16. Acrolein-lysine adducts increase in striatum after mild bTBI. (A) Western Blot image of
acrolein-lysine modified proteins (FDP-Lys) and B-actin for each group at control, 2-day and 7-day post-
blast of the B5 (anterior) striatal region. All bands on the acrolein-lysine blot were used for analysis for
each group. (B) Quantification demonstrated significant difference between control, 2-day post-injury, and
7-day post-injury [F(2,9)=6.58, p=0.017]. (C) Western Blot image of acrolein-lysine modified proteins
(FDP-Lys) and B-actin for each group at control, 2-day and 7-day post-blast of the C5 (posterior) striatal
region. (B) Quantification demonstrated significant difference between control, 2-day post-injury, and 7-
day post-injury [F(2,10)=6.22, p=0.018]. Data are relative, normalized as percent control and presented as
mean = SEM_ Fisher’s T.SD nost-hac test. *n<0.05. **n<0.01.
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Figure 17. Acrolein-lysine adducts increase in substantia nigra region after mild

bTBI. (A) Western Blot image of acrolein-lysine modified proteins (FDP-Lys) and [3-

actin for each group at control, 2-day and 7-day post-blast. All bands on the acrolein-

lysine blot were used for analysis for each group.(B) Quantification demonstrated

significant difference between control, 2-day post-injury, and 7-day post-injury

[F(2,10)=5.61, p=0.023]. Data are relative, normalized as percent control and

presented as mean = SEM. Fisher’s LSD post-hoc test. *p<0.05, **p<0.01.

2.2.3.4.  Aberrant a-synuclein levels post-mild TBI

a-syn is the main protein present in the Lewy bodies (LB) of the surviving dopaminergic

neurons in PD patients. It is a small soluble protein at 14 kDa that is highly localized in the
presynaptic terminals and can be essential in the normal brain function. [157-160]. We measured
the a-syn protein levels using Western blotting in the whole, striatal, and substantia nigral brain
region lysates (Fig. 18a, 19a,e, 20a). We observed two consistent bands of the a-syn protein at 25
kDa and 19 kDa (19 kDa is the predicted size of the antibody used, per mfr. BD Transduction).
These bands were confirmed to be species of a-syn by blocking the antibody with a-syn purified
protein before incubating the blots (Fig. 21). All values were normalized using B-actin and

expressed as percent control. In the whole brain lysates analysis of the 25 kDa band ANOVA

shows a significant group effect [F(2,21)=5.77, p=0.01] and pairwise comparison show a
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significant increase in the 2-day (47.21 + 11.10 %, n=9), 7-day (54.81 + 15.61 %, n=7) post-
injury groups compared to the control (100 = 10.39 %, n=8; *p<0.05, **p<0.01) as shown in Fig.
18b. On the other hand, in the whole brain lysates at 19 kDa a-syn band a significant group
effect is observed [F(2,24)=6.56, P=0.005] and pairwise comparison shows a significant decrease
in the 2-day (44.54 £+ 5.62 %, n=9), 7-day(59.12 + 5.78 %, n=7) post-injury groups compared to
the control (100 + 18.8 %, n=8; *p<0.05, **p<0.01) as shown in Fig. 18c. Ratio analysis of the
25 kDa and 19 kDa a-syn bands showed statistically significant increase in the proportion of
over all a-syn accounted for by the 25 kDa a-syn species [F(2,20)=5.83, p=0.01] and pairwise
comparison show increase levels in the 2-day (132.80 + 17.62 %, n=9) and 7-day (118.72 +
55.75 %, n=6) post-injury groups compared to the control (100 + 12.57 %, n=8; *p<0.05,
**p<0.01) as shown in Fig. 18d.

In the striatal regions, B5 (anterior) the levels of a-syn protein levels at 25 kDa show a
significant group effect [F(2,9)=5.05 p=0.034] and pairwise comparison shows a significant
increase in 2-day (49.50 = 17.04 %, n=4), 7-day (63.07 £+ 18.28 %, n=4) post-injury compared to
the control (100 + 5.47 %, n=4; *p<0.05, **p<0.01) as shown in Fig. 19b. In the C5 (posterior)
region a significant group effect [F(2,10)=7.97 p=0.008] and pairwise comparison shows a
significant increase in 2-day (111.36 + 37.08 %, n=4), 7-day (84.87 + 10.64 %, n=4) post-injury
compared to the control (100 £+ 8.89 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 19f. a-syn
protein levels at 19 kDa show significant decrease in both B5 and CS5 striatal regions. In BS
(anterior), a significant group effect [F(2,9)=6.24 p=0.020] and pairwise comparison shows a
significant decrease in 2-day (34.23 + 0.49 %, n=4), 7-day (41.76 £+ 8.17 %, n=4) post-injury
compared to the control (100 + 13.69 %, n=4; *p<0.05, **p<0.01) as shown in Fig. 19c. In C5
(posterior), a significant group effect [F(2,10)=10.27 p=0.004] and pairwise comparison shows a
significant decrease in 2-day (46.33 + 5.0 %, n=4), 7-day (51.75 + 9.70 %, n=4) post-injury
compared to the control (100 = 11.14 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 19g. The
ratio analysis of the 25 kDa and 19 kDa bands shows a statistically significant increase in the
proportion of overall a-syn protein accounted for by the 25 kDa a-syn species in both BS and C5
striatal region. In B5 (anterior), [F(2,9)=6.46, p=0.018] pairwise comparison show a significant
increase in 2-day (71.68 £ 28.39 %, n=4), 7-day (116.68 £ 27.70, n=4) post-injury compared to
the control group (100 + 5.74, n=4; *p<0.05, **p<0.01 ) as shown in Fig. 19d. In C5 (posterior),
[F(2,10)=23.74, p=0.000] and pairwise comparison show a significant increase in 2-day (232.13



34

+ 48.60 %, n=4), 7-day (301.83 £ 26.79, n=4) post-injury compared to the control group (100 +
23.72, n=5; *p<0.05, **p<0.01 ) as shown in Fig. 19h.

Consequently, the a-syn protein levels at 25 kDa in the substantia nigral region show a
significant group effect [F(2,10)=5.15 p=0.02] and pairwise comparison shows a significant
increase in 2-day (42.08 £ 15.73 %, n=4), 7-day (58.75 £ 19.61 %, n=4) post-injury compared to
the control (100 £ 5.18 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 20b. A significant group
effect is also observed in the 19 kDa band [F(2,10)=12.9, P=0.002] and pairwise comparison
show a decrease in 2-day (28.23 £+ 12.64 %, n=4), and significant increase in 7-day (64.82 =+
20.39 %, n=4) post-injury compared to the control (100 + 2.81 %, n=5, *p<0.05, **p<0.01) as
shown in Fig. 20c. Similarly, The ratio analysis of the 25 kDa and 19 kDa bands shows a
statistically significant increase in the proportion of overall a-syn protein accounted for by the 25
kDa a-syn species in the SN region (E8) [F(2,10)=9.87, p=0.004] and pairwise comparison
show a significant increase only in 2-day (105.11 £ 20.69 %, n=4) and a trend of increase in 7-
day (19.77 + 25.4, n=4) post-injury compared to the control group (100 £ 5.24, n=5; *p<0.05,
*#p<0.01 ) as shown in Fig. 20d.
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Figure 18. Aberrant expression of a-synuclein in whole brain preparation after mild bTBI. (A)
Western Blot image of a-syn at approximately 25kDA, a-syn at 19kDA, and B-actin at control, day 2
and day 7 post-blast. There are significant differences between control and 2-day post-injury, and 7-
day post-injury in both (B) 25 kDa a-syn from [F(2,21)=5.77 p=0.01] and (C) 19 kDa a-syn form
[F(2,24)=6.56, p=0.005]. (D) The normalized ratio of the 25 kDa and 19 kDa a-syn at control, 2 and 7
days post-blast indicates an increase in the proportion of 25 kDa a-syn [F(2,20)=5.83, p=0.01). Data in
B-D are relative, normalized as percent control, and presented as mean £ SEM. Tukey’s post-hoc test.
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Figure 19. Aberrant expression of a-synuclein in striatal region after mild bTBI. (A) B5 (anterior)
striatal region Western blot image of a-syn at approximately 25kDA, a-syn at 19kDA and B-actin for
control, day 2 and day 7 post-blast. There were significant differences between control, 2-day post-
injury, and 7-day post-injury in both (B) 25 kDa [F(2,9)=5.05 p=0.034] and (C) 19 kDa [F(2,9)=6.24,
P=0.020] forms of a-syn. (D) The normalized ratio of the 25 kDa and 19 kDa forms of a-syn at control,
2 and 7 days post-blast indicates an increase in the proportion of 25kDa form of a-syn [F(2,9)=6.46,
p=0.018]. (E) C5 (posterior) striatal region Western blot image of a-syn at approximately 25kDA, a-syn

at 19kDA and B-actin for control, day 2 and day 7 post-blast. There were significant differences between
control, 2-day post-injury, and 7-day post-injury in both (F) 25 kDa [F(2,10)=7.97 p=0.008] and (G) 19
kDa [F(2,10)=10.27, P=0.004] forms of a-syn. (H) The normalized ratio of the 25 kDa and 19 kDa
forms of a-syn for control, 2 and 7 days post-blast indicates an increase in the proportion of 25kDa form
of a-syn [F(2,10)=23.74, p=0.000]. Data in B-D and F-G are relative, normalized as percent control,
and presented as mean = SEM. Fisher’s LSD post-hoc test. *p<0.05, **p<0.01.
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Figure 20. Aberrant expression of a-synuclein in substantia nigra region after mild bTBIL (A)
Western Blot image of a-syn at approximately 25kDA, a-syn at 19kDA and B-actin at control, day 2 and
day 7 post-blast. There were significant differences between control, 2-day post-injury, and 7-day post-
injury in both (B) 25 kDa [F(2,10)=5.15 p=0.02] and (C) 19 kDa forms of a-syn [F(2,10)=12.9,
P=0.002]. (D) The normalized ratio of the 25 kDa and 19 kDa forms of a a-syn at control, 2 and 7 days
post-blast indicates an increase in the proportion of 25 kDa a-syn [F(2,10)=9.87, p=0.004]. Data in B-D
are relative, normalized as percent control, and presented as mean = SEM. Fisher’s LSD post-hoc test.

*p<0.05, **p<0.01.
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Figure 21. Western Blot confirming the 25 kDa and 19 kDa forms a-Synuclein. Whole brain
protein lysates from rats were used at the same concentration for samples 1-3. Blots were run
simultaneously. (A) Western blot image of samples 1-3 incubated with the a-syn antibody. (B)
Western blot image of samples 1-3 incubated with the blocked a-syn antibody. The antibody was

blocked with purified a-syn protein for 2 hours at 4°C prior to blot incubation. The absence of
distinct bands at 25 kDa and 19 kDa confirmed that these were a-syn protein species.
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Figure 22. Decreased phosphorylation of tyrosine hydroxylase (TH) at Ser40 suggests reduced
TH activity after mild bTBI in whole brain preparation. (A,C,E) Western Blot images of un-
40
phosphorylated TH (A), phosphorylated TH at Ser31(B), phosphorylated TH at Ser (C), and B-actin
for each group at control, 2 and 7 days post-blast. (B,D,F) Comparisons were made between
control, 2-day post-injury, and 7-day post-injury in all three forms of TH. No changes were observed
31 40
in (B) un-phosphorylated or (D) Ser -phosphorylated TH. (F) Phosphorylation at Ser , TH’s
primary activation site, demonstrated significant reductions at both 2 and 7 days post-injury
[F(2,21)=5.24, p=0.014]. Data in B,D,F is relative, normalized as percent control, and presented as
mean = SEM. Tukey’s post-hoc test. *p<0.05.
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2.2.3.5.  Acute alterations of tyrosine hydroxylase protein post-mild TBI

Tyrosine hydroxylase (TH) is the rate limiting enzyme in the production of dopamine from
the amino acid tyrosine. In PD patients the TH activity is decreased in the nigro-striatal area
resulting in decrease dopamine levels. We measured the protein levels of TH and its
phosphorylation sites at serine 31 and serine 40 post-injury in the whole brain (Fig. 22), striatal
(Fig. 23) and susbstantia nigral (Fig. 24) region protein lysates using Western blotting. The un-
phosphorylated from of TH (Unp-TH) were normalized using B-actin and the phosphorylated
TH, pSer31 and pSer40, were normalized with the unp-TH, and values were expressed as percent
control. In the whole brain lysates (Fig. 22a, c, e), there were no significant changes in the TH
protein levels [F(2,24)=1.53, p=0.23] (Fig. 22b) and TH pSer31[F(2,21)=0.037, p=0.69] (Fig.
22d), respectively. However, there was a significant group effect of TH pSer40 [F(2,21)=5.24,
p=0.014 and pairwise comparison show significant decrease in 2-day (62.70 £+ 9.09 %, n=8) and
7-day (60.10 £ 9.74 %, n=7) post-injury groups compared to control (100 £ 21.74 %, n=9;
*p<0.05, **p<0.01) (Fig. 22f).

In the striatal brain region lysates, there were no significant changes in the TH protein levels
[F(2,10)=0.216, p=0.81], [F(2,10)=0.665, p=0.53] in both BS (anterior, Fig. 23a,b) and C5
(posterior) regions respectively (Fig 23g,j). TH pSer31 expression showed no significant changes
in BS (anterior, Fig. 23¢,d) [F(2,10)=1.04, p=0.38] (Fig. 23d) and C5 (posterior) [F(2,10)=0.524,
p=0.60] (Fig. 23h,k). However, there was a significant group effect of TH pSer40 in BS
(anterior) region [F(2,10)=6.24, p=0.02] (Fig. 23e,f) and pairwise comparison showed significant
increase in 2-day (85.03 £ 27.01 %, n=4) and 7-day (103.57 £+ 20.22 %, n=5) post-injury groups
compared to control (100 £ 17.81 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 23f. Similarly in
the C5 (posterior) region [F(2,10)=6.41, p=0.016] pairwise comparison showed significant
increase in 2-day (167.99 + 33.67 %, n=4) and 7-day (167.36 + 61.26 %, n=4) post-injury groups
compared to control (100 + 20.96 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 231,1.

In the substantia nigral region, TH protein (Fig. 24a) and its phosphorylation sites at serine
31(Fig. 24c) and serine 40 (Fig. 24e) were also measured using Western blotting. A significant
group effect was observed in the TH protein levels [F(2,10)=5.61, p=0.033] and pairwise
comparison indicated significant increase in the 2-day (114.84 + 40.08 %, n=4) and 7-day (96.47
+ 26.29 %, n=5) post-injury groups compared to the control group (100 = 20.20 %, n=4) as

shown in Fig. 24b. TH protein levels at serine 31 phosphorylation site showed a significant
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group effect [F(2,10)=5.96, p=0.02] and pairwise comparison showed significant decrease in 2-
day (38.17 + 3. 62 %, n=4) and 7-day (37.28 + 5.04 %, n=5) post-injury groups compared to
control (100 £+ 12.66 %, n=4; *p<0.05, **p<0.01) as shown in Fig. 24d. Similarly, TH protein
levels at serine 40 phosphorylation site showed a significant group effect [F(2,10)=12.81,
p=0.002] and pairwise comparison showed significant decrease in 2-day (60.87 + 18.33 %, n=4)
and 7-day (77.98 + 6.81 %, n=5) post-injury groups compared to control (100 £+ 8.43 %, n=4;
*p<0.05, **p<0.01) as shown in Fig. 24f.
2.2.3.6.  Acrolein induces a-syn protein oligomerization and aggregation in vitro

The effects of acrolein on the a-syn protein were studied in vitro using a purified protein
provided by the Rochet lab at Purdue University. Purified a-syn protein samples were treated
with acrolein for 20 hrs. All sample groups were run in triplicates. Western blot detection using
anti-a-syn (Fig. 25a) indicates the protein at 15 kDa becomes broader with increasing acrolein
concentrations and at 1 mM acrolein this band starts to fade as the acrolein concentration
increases. Quantification of this band is shown in Fig. 25b. Similarly, quantification of the band
at 37 kDa, which is a species of a-syn protein, follows the same trend as the 15 kDa band (Fig.
25a, b). In addition, speculated oligomerized and aggregated forms a-syn were observed at 125
uM up tol mM of acrolein and faded with higher concentrations of acrolein (red arrows, Fig.
25a). Quantification of these observed bands is shown in Fig. 25b (bands above 37 kDa).

Similarly, Western blot detection using anti-acrolein-lys adduct antibody (Fig. 25c)
demonstrates that the acrolein-modified a-syn protein bands at 15 kDa becomes broader with
increasing acrolein concentrations and starts to decrease at 10 mM of acrolein. Quantification of
these bands is shown in Fig. 25d. Acrolein-modified proteins were also observed at 250 uM up
to 1 mM of acrolein (arrows, Fig. 25¢). Quantification of these bands is shown in Fig. 25d. These
data suggest that the a-syn aggregation and oligomerization is dose-dependent to acrolein
concentrations; and the native a-syn protein seems to either a) degrade at the higher
concentrations of acrolein or b) be modified so extensively by acrolein that the antibody binding

sites are blocked.
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2.2.3.7.  Increased interaction and co-localization between o-syn and acrolein
post-mild blast TBI

Coimmunoprecipitations (co-IPs) were conducted on the whole brain lysates of the
control, 2-day, and 7-day post-injury groups with antibodies against a-syn and acrolein-lysine
adducts. Consequently, immunoblotting (IBs) using the same antibodies were performed to
detect co-localization of these two molecules in each sample group. In the acrolein-lys-
precipitated (Acr-IP) row for each sample group, a-syn species were detected in the a-syn 1B
(Fig. 26a), particularly distinct bands at around 50 and 75 kDa (two arrows) were observed and
these bands are intensified in the 2-day and 7-day post-injury groups. Notably, the a-syn IP (Fig.
26a, single arrow) was also relatively increased in the post-injured groups compared to the
control group. Similarly, in the Acr-Lys adducts IB (Fig. 26b), bands in the a-syn IP row (arrow)
were detected and the intensity of this is increased in the 2-day and 7-day post-injured groups. In
addition, the Acr IP row (arrow) intensity is also increased in the injured groups at around 50-75
kDa. Furthermore, immunofluorescence staining show increased co-localization of a-syn protein
and acrolein-lysine adducts in the striatum (Fig 26¢) and substantia nigra (Fig 26d) in both the 2-
day and 7-day post-injury groups. These data suggest increasing levels of a-syn protein and
acrolein-lysine adducts, and provide direct visual confirmation of their co-localization after blast
injury, supporting the in vitro (Fig. 25) and in vivo (Fig. 26a,b) protein analyses suggesting such

a relationship may be possible.
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Figure 23. Increased phosphorylation of tyrosine hydroxylase (TH) at Ser40 suggests increased TH
activity in the striatum after mild bTBI. (A,C,E) B5 (anterior) striatal region Western Blot images of
(A) un-phosphorylated TH, (C) phosphorylated TH at Ser31, (E) phosphorylated TH at Ser40, and B-actin
for each group at control, 2 and 7 days post-blast. (B,D,F) Comparisons were made between control and
2-day post-injury, as well as 7-day post-injury in al three forms of TH. (B) There were no significant
changes in the un-phosphorylated TH at 2 and 7 days post-blast [F(2,10)=0.216, p=0.81]. (D) There
were no significant changes in the Ser31-phosphorylated TH [F(2,10)=1.04, p=0.38] and (F) There is a

significant increase in the Ser40-phosphorylated TH [F(2,10)=6.24, p=0.02]. (G,LK) C5 (posterior)
striatal region Western Blot images of (G) un-phosphorylated TH, (I) phosphorylated TH at Ser31, (K)
phosphorylated TH at Ser40, and B-actin for each group at control, 2 and 7 days post-blast. (H,J,L)
Comparisons were made between control and 2-day post-injury, as well as 7-day post-injury in al three
forms of TH. (H) There were no significant changes in the un-phosphorylated TH at 2 and 7 days post-
blast [F(2,10)=0.665, p=0.53]. (J) There were no significant changes in the Ser31-phosphorylated TH
[F(2,10)=0.524, p=0.60] and (L) There was a significant increase in the Ser40-phosphorylated TH

[F(2,10)=6.41, p=0.016]. Data in B,D,F and J,K,L is relative, normalized as percent control, and
presented as mean = SEM. Fisher’s LSD post-hoc test. *p<0.05, **p<0.01.
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Figure 24. Decreased phosphorylation of tyrosine hydroxylase (TH) at Ser40 and Ser31 suggest reduced
TH activity in the substantia nigra region after mild bTBI. (A,C,E) Western Blot images of (A) un-
phosphorylated TH, (C) phosphorylated TH at Ser31, (E) phosphorylated TH at Ser40, and B-actin for each
group at control, 2 and 7 days post-blast. (B,D,F) Comparisons were made between control and 2-day post-
injury, as well as 7-day post-injury in al three forms of TH. (B) Un-phosphorylated TH was significantly
increased at 2 and 7 days post-blast [F(2,10)=5.61, p=0.033]. (D) Ser3l—phosphory1ated TH [F(2,10)=5.96,
p=0.02] and (F) Ser40—phosphory1ated TH [F(2,10)=12.81, p=0.002], TH’s two most common activation sites,
both demonstrated significant reductions at 2 and 7 days post-injury. Data in B,D,F is relative, normalized as
percent control, and presented as mean £ SEM. Fisher’s LSD post-hoc test. *p<0.05, **p<0.01.
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Figure 25. Acrolein induces a-synuclein oligomerization and aggregation in vitro. o-synuclein
(2.5 pM) was incubated alone and in the presence of ACR at different concentrations (0.125, 0.25,

0.5, 1, 5, and 10 mM) at 37°C for 20h. All samples were run in triplicates. Samples were separated
by SDS-PAGE and blotted using either a-syn (A,B) or acrolein-lysine antibodies (C,D). (A)
Immunoblotting image using anti-a-syn. (B) Quantification of the image in (A). Comparison of
immunoreactivity for bands at 15 kDa [F(6,20)=32.16; p<0.001], 37 kDa [F(6,20)=31; p<0.001],
and >37kDa [F(6,20)=19.83, p<0.001] showed significant effect across different acrolein
concentrations. Compared to isolated a-syn incubation, there was a significant increase in a-syn
oligomers when incubated with 125uM and 250uM acrolein, as well as a decrease in monomers for
all acrolein concentrations >500uM. (C) Immunobloting images using anti-acrolein-lysine. (D)
Quantification graph of the image on (C). Analysis of the bands at 15 kDa [F(6,20)=23.7; p<0.001]
and >15 kDa [F(6,20)=8.8; p<0.001] showed significant effects. Compared to isolated a-syn
incubation, there was a significant change in acrolein-modified a-syn levels with the addition of
acrolein. Significant increases in acrolein-modified a-syn monomers were observed at all
concentrations >500uM acrolein, while acrolein-modified a-syn oligomers significantly increased at
1 and 5 mM acrolein. Data in B,D is relative, normalized as percent control, and presented as mean
+ SEM. Tukey’s post-hoc test. *p<0.05, **p<0.01, ***p<0.001.
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Figure 26. Increased acrolein and a-synuclein interaction and co-localization in vive after mild bTBI.
(A-B) Whole brain lysates from control, 2 and 7 day post-blast rats were homogenized and
immunoprecipitated with either a-syn or acrolein-lysine antibodies. Then, samples were subjected to SDS-
PAGE and immunoblotting detection using anti-a-syn (A) or anti-acrolein-lysine (B) to complete the co-
immunoprecipitation procedure. (A) Immunoblotting using a-syn antibody from each group’s brain lysate.
Arrows indicate bands of interest that are acrolein-modified a-syn proteins and show increased expression in
injured rats. (B) Immunoblotting using acrolein-lysine antibody from each group’s brain lysate. Arrows
indicate acrolein-modified a-syn proteins and show increased expression after blast injury, reinforcing the
result from (A). Representative immunofluorescence staining data showed increased co-localization of FDP-
lysine and a-syn immunoreactivities in the striatum (C) and substantia nigra (D) 2-day and 7-day post-blast
injury.
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2.2.3.8.  Tau Neuropathogy post-mild TBI
Tau protein is one of the major microtubule associated proteins (MAPs) and plays an
essential function in the modulation and spatial organization of microtubules [161-165]. This
protein is the main component of the neurofibrillary tangles (NFT’s), one of the pathological
hallmarks of Alzheimer’s disease (AD) [161], however tau protein neuropathy (tauopathy) is
also observed in PD and can be found in the Lewy bodies, hallmark of PD [166-170]. We
measured the levels of tau post-blast injury using an antibody to detect paired helical filaments,
abnormal form of tau, at Ser202/Thr205 phosphorylation sites. In the whole brain lysates (Fig.
27a, b) there was a significant increase 2 days (58.54 + 33.82 %, n=5), post injury and sustained
until 7 days (41.65 + 29.51 %, n=5), compared to the control group (100 £ 6.41 %, n=5);
[F(2,12)=4.79, p=0.030]. Similarly in the SN area (ES8), (Fig. 27 ¢, d) there was a significant
increase 2 days (108.17 + 30.64 %, n=4) and sustained increase 7 days (61.29 + 14.97 %, n=4)
post injury compared to the control group (100 =+ 18.43 %, n=5); [F(2,10)=6.73, p=0.016]. In the
anterior STR (BS5) (Fig 27e, f) there was a significant increase 2 days (48.56 = 9.21 %, n=4) and
7 days (26.83 = 7.08 %, n=5) post injury compared to the control (100 £ 6.16 %, n=4);
[F(2,10)=9.55, p=0.005]. In the posterior STR (C5) (Fig 27g, h) there was a significant increase
2 days (69.28 + 8.97 %, n=4) and 7 days (81.11 £ 20.21 %, n=5) post injury compared to the

control (100 + 14.88 %, n=4); [F(2,10)=6.88, p=0.013].
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Figure 27. Increased pPHF Tau Serm/Thr205 in the whole brain, SN and STR region.
Comparisons of pPHF Tau were made between control and post-blast in these brain areas. (A)
Western Blot image of pPHF Tau Ser202/Thr205 and B-actin for each group at control, 2 and 7 days
post-blast in the whole brain. (B) pPHF Tau Ser202/Thr205 significantly increased at 2 and a trend
of increased at 7 days post-blast [F(2,12)=4.79, p=0.030]. (C) Western Blot image of pPHF Tau
Ser202/Thr205 and B-actin for each group at control, 2 and 7 days post-blast in the SN (E8). (D)
pPHF Tau Ser202/Thr205 significantly increased at 2 and a trend of increased at 7 days post-blast
[F(2,10)=6.73, p=0.016]. (E) Western Blot image of pPHF Tau Ser202/Thr205 and B-actin for each
group at control, 2 and 7 days post-blast in the B5S STR region. (F) pPHF Tau Ser202/Thr205
significantly increased at 2 and a trend of increased at 7 days post-blast [F(2,10)=9.55, p=0.005]. (G)
Western Blot image of pPHF Tau Ser202/Thr205 and B-actin for each group at control, 2 and 7 days
post-blast in the C5 STR region. (H) pPHF Tau Ser202/Thr205 significantly increased at 2 and a
trend of increased at 7 days post-blast [F(2,10)=6.88, p=0.013]. Data in B,D,F is relative,
normalized as percent control, and presented as mean + SEM. Either Tukey’s or Fisher’s LSD post-

hoc test were used. *p<0.05, **p<0.01.
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2.2.4. Discussion

TBI has been associated with an increased risk for Parkinson’s disease [26, 118, 119, 171-
173]. PD-like neuropathologies, such as a-syn aggregation and tyrosine hydroxylase
dysregulation have been observed in animal models of TBI [139, 174, 175]. However,
pathophysiological mechanisms leading to PD-like neurodegenerative processes after TBI are
currently not well-characterized. In the present investigation, we report the first direct evidence
indicating the ability of acutely upregulated post-TBI oxidative stress / lipid peroxidation-related
reactive aldehydes, namely acrolein, to modify a-syn, both in vitro and in vivo. We also
demonstrate dysregulation of the primary dopamine synthesis pathway via alterations in TH
phosphorylation sites in the whole brain and more specifically the nigrostriatal pathway. We
assert that early post-injury oxidative stress / lipid peroxidation products after TBI play an
important role in initiating and perpetuating neurodegenerative processes mimicking those
observed in idiopathic PD, perhaps accelerating onset or heightening the susceptibility to
Parkinsonian pathologies in TBI patients. Together, these data provide insight into putative
biochemical mechanism/s, which may link the acute and subacute pathophysiology of TBI to
known PD-relevant neurodegenerative processes.

2.24.1.  Oxidative stress and lipid peroxidation, as observed via increased
acrolein, play a key role in secondary injury progression after TBI

We observed significant increases of 3-HPMA, an acrolein metabolite (Fig. 14), in the urine
1-7 days post injury, and acrolein-lysine adducts in post-mortem whole brain (Fig. 15), STR
(Fig. 16) and SN (Fig. 17) regions at 2 and 7 days post-injury. These data support and expand
the results of our previous study where we established a consistent animal mbTBI model
mimicking the human condition and observed brain elevation of acrolein-lysine adducts at 1 and
5 days post-injury alongside urine 3-HPMA elevation at 1 and 2 days post-injury[137]. It has
been demonstrated that acrolein and the other reactive aldehydes are elevated in TBI and their
levels have long been associated with the mortality rate in TBI, suggesting this class of
molecules as putative surrogate biomarkers for the injury [176-180].

In the central nervous system, the majority of oxidative stress is manifested by lipid
peroxidation, which leads to the generation of reactive aldehydes such as acrolein, 4-hydroxy-2-
nonenal (HNE), and malondialdehyde (MDA) [41-43]. Acrolein is the most reactive of the a,f3-

unsaturated aldehydes produced endogenously, has a longer half-life in comparison to reactive
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oxidative stress molecules [57, 58], and has been independently associated with PD [146],
Alzheimer’s disease [49, 181], and spinal cord injury (SCI) pathophysiology [54]. Our lab has
studied SCI in depth, demonstrating that acrolein levels correlated with post-SCI deficit severity
and, further, administration of acrolein-scavenging pharmacophores ameliorated SCI-induced
impairments [51-53, 55]. With acrolein’s relatively long half-life and its proven neurotoxicity in
the context of neuronal trauma and degenerative diseases [46, 54], we speculate that similar
biochemical changes and damages occur in brain tissue after TBI.

We have established that mechanical trauma during mbTBI, in a similar fashion to SCI, can
provide an initial spike of acrolein in the lipid-rich environment of the brain — a phenomenon
which can likely be attributed to abundance of myelin and axonal membrane as substrates for
lipid peroxidation. Acrolein and related reactive aldehydes are known to exert numerous
potentially neurotoxic effects including disrupting intracellular signaling pathways,
dysregulating mitochondrial function and cellular metabolism, and binding and modifying
structure and function of nucleic acids, lipids, and proteins. It has been reported that
overproduction of acrolein significantly elevates oxidative stress through depletion of glutathione
[156, 182, 183]. This leads to a self-regenerative feed-forward cycle, where oxidative stress via
lipid peroxidation leads to more production of acrolein, which itself can perpetuate oxidative
stress [44, 184, 185].

On proteins, specifically, acrolein preferentially binds to three functional groups with high
affinity: the sulthydryl group of cysteine, the amino group of lysine, and imidazole group of
histidine, forming covalent adducts [47, 186, 187] which can subsequently affect protein
expression and function. TBI has been documented to alter the proteome, namely via post-
translational modifications (PTMs) of key proteins such as microtubule-associated proteins
(MAP2A/2B), hexokinase, and ubiquitin carboxy-terminal hydrolase L1 protein (UCHL-1) [188-
190]. These PTMs can lead to the dysfunction of the proteins and increase the risk of diseases
[41, 176]. Our data suggest PTMs by acrolein and subsequent dysregulation of PD-related
proteins (a-syn and TH, discussed in more detail below) in the nigrostriatal regions after TBI as a
possible point of convergence between brain trauma and PD. More broadly, our findings
implicate oxidative stress as a common post-TBI phenomenon capable of triggering a
biochemical cascade altering protein structure and function which, left unmitigated, could lead to

long-term post-TBI consequences including neurodegeneration.
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2.24.2.  Acrolein affects expression and promotes oligomerization of a-syn: A PD-
like post-TBI neuropathology

a-Syn is the main protein present in the Lewy Bodies found in the surviving dopaminergic
neurons of PD patients. It is a small, soluble protein that is highly localized in presynaptic
terminals [191, 192], and can be essential to normal brain function [157-160]. While its exact
function(s) are not completely understood, a-syn has been reported to facilitate membrane
trafficking, dopamine regulation, and synaptic plasticity [193]. Overexpression of a-syn has been
observed in animal models of TBI [119, 172, 173, 194], but the mechanisms by which PD-like
neuropathologies are exacerbated by TBI remain ambiguous.

In this study we observed, in the whole brain, STR and the SN areas, two species of a-syn
protein: 25 kDa and predicted form at 19 kDa. Confirmatory experiments have shown that both
of these bands are a-syn (Fig. 21). In the whole brain (Fig. 18b), STR (Fig. 19b,f), and SN (Fig.
20b) regions the expression of the 25 kDa a-syn was increased post-injury. Similarly the ratio of
the 25 kDa to 19 kDa forms (Figs. 18d, 19d,h, 20d) was elevated. These data indicate an increase
in the proportion of overall a-syn accounted for by the 25 kDa form of a-syn in the whole brain,
STR and SN regions 2 and 7 days post-mbTBI. These results are in accordance with preclinical
and clinical studies where TBI promoted the overexpression of a-syn [26, 118, 119, 171-173]. In
contrast, we observed a gradual significant decrease in levels of 19 kDa predicted form of a-syn
in the whole brain (Fig. 18c) and the STR (Figs.19¢c, g) post-injury. Interestingly, in the SN-area
there was a decrease in 19 kDaa-syn two days after blast and a significant increase seven days
post injury (Fig. 20c). We suspect that the 19 kDa predicted form a-syn is the “native/normal”
state of the protein and our data suggest that this is decreasing post-injury. Consequently, we
speculate the 25 kDa to be a post-translationally modified (PTM) form of a-syn and this form is
increasing post-injury. However, the nature of this species of a-syn needs to be further
investigated. Together, these results suggest a spatiotemporally dynamic, aberrant expression
pattern of a-syn occurs after mbTBI.

Currently, little is known about the mechanism leading to the post-TBI aggregation of a-syn;
however, one study suggests PTMs and protein dimerization can be a rate-limiting step of its
aggregation en route to LB formation [195]. The structure of a-syn may be one reason this
protein is particularly vulnerable to PTMs by reactive aldehyde species, namely acrolein. The

protein structure of a-syn contains seven imperfect repeats of 11 amino acids, which form N-
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terminal helices, a central hydrophobic domain, and acidic rich C-terminus. The amino acid
lysine makes up 13.39% of the total amino acids of the a-syn proteome. These lysine-rich
regions are ubiquitination sites, a common PTM event for a-syn, and contribute to the structural
stability of the protein [196, 197]. We speculate disruption of these lysine residues, one of the
aforementioned high-affinity targets for acrolein-protein binding, are potentially interrupting the
structural stability of the protein leading to PTM and oligomerization as observed in our mbTBI
rats. In support of this notion, we observe that acrolein induces a-syn oligomerization in vitro
(Fig. 25) and modifies/co-localizes with a-syn in vivo post-blast TBI (Fig. 26). These results
resemble the familial mutants of a-syn that promote its toxic oligomerization and aggregation, a
critical step in Lewy body (LB) formation [198, 199].

To our knowledge, these findings document the first evidence of acrolein co-localization
with a-syn after TBI. Interestingly, however, acrolein-a-syn co-localization has previously been
observed in LBs within the SN of PD patients [146] and injection of acrolein into the SN induces
a-syn aggregation and cell death [200], further suggesting acrolein is a capable and likely causal
factor promoting a-syn aggregation. We thus emphasize that the elevation of acrolein may be a
critical secondary injury process in promoting PD-like degenerative processes after TBI,
specifically via a-syn oligomerization/aggregation

2.2.4.3.  Disruption of dopaminergic synthesis via dysregulation of tyrosine
hydroxylase

Tyrosine hydroxylase (TH) is the key enzyme for dopamine (DA) synthesis in the
dopaminergic neurons and its terminals. TH function is regulated via its phosphorylation sites,
mainly at serine 30 and serine 40 [201, 202]. In PD patients, TH activity is decreased in the
nigro-striatal area, which results in the reduction of dopamine levels leading to the cardinal
symptoms of PD [203]. In addition, decreased TH is an indirect indication of dopaminergic
neuron damage/death in the SN in TBI rodent models [119, 172].

In our study, whole brain levels of TH pSer40 (Fig. 22f), were significantly decreased after
mbTBI while total TH and TH pSer30 (Figs. 22b, d) were not affected. In the SN-area, both TH
pSer30 and pSer40 sites (Figs. 24d,f) levels were decreased and the total TH protein (Fig. 24b)
showed significant increase. The decreased levels of TH pSer40, the most studied and directly
implicated phosphorylation / activation site of DA synthesis, suggest decreased activity of TH

after injury in the whole brain and SN. Furthermore the changes observed in the TH protein and
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TH pSer30 in the SN (Figs. 24b,d) is perhaps due to the specific function of these neurons. The
dopaminergic neurons of the SN mainly regulate motor function via the nigrostriatal projections
into the striatum [204]. Interestingly, in the STR region TH pSer40 levels were significantly
increased post injury (Figs. 23f,]). There have been conflicting results regarding striatal TH
activity after TBI [205, 206] The increase of striatal TH activity is thought to be a compensatory
action of the striatum [206]. The different levels of TH and its phosphorylation sites we observed
post-injury may be due to the complexity of the dopaminergic neurotransmission, specifically in
the SN and STR. The TH protein is found to be expressed much greater in the terminal fields
compared to the somatodendritic compartments of the nigrostriatal pathways [207, 208].
Furthermore, dopaminergic neurons in the SN are known to be more susceptible to oxidative
processes than dopaminergic neurons found elsewhere in the brain [209-212]. Differential
mechanical injury profiles between brain regions could also contribute, wherein the SN
experiences more injurious loading conditions than the STR, as our lab’s computational
biomechanics work in this mbTBI model has suggested. Regardless of the underlying
mechanism, these data suggest differential localization and regulation of the TH protein between
different brain loci, in a similar fashion to the a-syn protein, after injury. Our data suggest a
putative mechanism for disruption of the brain’s supply of dopamine, but the source of the
disruption remains unclear. To our knowledge, this is the first time that the expression of TH
protein levels and its phosphorylation sites have been quantified in the whole brain, STR, and
SN-area after a single mild blast TBI. This study provides further evidence that the dopaminergic
system is acutely altered by TBI.

The decrease of TH activity as measured by the protein levels specifically on its pSer40 and
pSer30 phosphorylation sites in the whole brain and SN-area after mbTBI may occur through
several mechanisms. Possibly the most important regulatory protein of TH activity is a-syn,
which is also directly implicated in PD pathology as discussed above. The abnormal expression
of a-syn has been demonstrated to inhibit TH expression and activity in both in vitro and in vivo
studies [191]. TH function is hindered in both transgenic mice overexpressing a-syn and in
dopaminergic cells transfected with a-syn [213, 214]. Additionally, transfection of a-syn in MES
23.5 dopaminergic cell line induces cell injury and decreases TH gene expression and protein
levels [215]. Furthermore, a-syn has similar protein homology to adapter protein 14-3-3, which

promotes TH activation and is thought to function as a chaperone protein [158, 159, 216-218].
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The 14-3-3 chaperone protein enhances the major kinases’ function to activate TH at pSer40,
thereby increasing DA synthesis [219-221]. We speculate that the overall increased of aberrant
a-syn levels post mbTBI may affect TH regulation as observed in our study.

It is also possible that acrolein can modulate the structure and function of TH directly, as we
observed for a-syn, or indirectly by altering entangled signaling pathways or molecules involved
in dopamine synthesis. For the indirect option, TH is an enzyme in which its activity is regulated
by many kinases and phosphatases. The main activating kinases that regulate TH
phosphorylation at Ser40 are the cAMP-dependent protein kinase A (PKA) and the mitogen-
activated protein kinase-activated protein kinase 2 (MAPKAP-K2) [191, 222, 223]. In contrast,
protein kinase C (PKC), which is highly expressed in SN dopaminergic neurons and co-localizes
with TH [191, 224], has been shown to decrease TH activity and DA synthesis. Many of
acrolein’s documented effects on biological systems are attributed to activation of kinases similar
to those mentioned above [225, 226], however the exact mechanisms remain unknown [225-
227]. Such pathways would be logical targets to investigate how acrolein may impact TH
activity-modifying molecules.

The potential of oxidative stress, specifically mediated by acrolein, to modulate any of the
aforementioned proteins may be critical for PD progression and/or induction of PD-like
pathologies resulting from TBI. We speculate that the aberrations of a-syn after mbTBI due to
acrolein elevation play a role in the dysregulation of TH in the whole brain and SN-area. In
relation to the interplay between the kinases and phosphatases mentioned above, TH and a-syn
alterations in the presence of acrolein need to be further validated and investigated in depth to
fully understand how TBI pathophysiology can potentiate PD-like degenerative processes.

2.2.4.4.  Tau Neuropathology post-mild TBI

Tau protein is one of the major microtubule associated proteins (MAPs) and plays an
essential function in the modulation and spatial organization of microtubules [161-165]. This
protein is the main component of the neurofibrillary tangles (NFT’s), one of the pathological
hallmarks of Alzheimer’s disease (AD) [161], however tau protein neuropathy (tauopathy) is
also observed in PD and can be found in the Lewy bodies, hallmark of PD [166-170]. This
suggests that both AD and PD have overlapping neuropathology. The paired helical filaments
(PHF) found in the NFT’s are consist of abnormally hyperphosphorylated tau protein. The

hyperphosphorylation of tau is a critical event leading to abnormal aggregation and disruption of
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the normal function of tau. Tau protein is regulated at multiple phosphorylation sites and its
microtubule stabilizing activity are dependent on its phosphorylation; thus implicating a balance
of kinases and phosphatases for its proper regulation [161]. Closed traumatic brain injury such
as blast TBI induces diffused axonal injuries leading to the disruption of neuronal integrity in
which microtubules are the key players [228]. Furthermore, in blast injury biochemical changes
such as oxidative stress is upregulated therefore can induce a cascade of events [14, 28, 229]
(Fig. 1) and can directly or indirectly affect the function of Tau protein.

We observe a significant and overall increase of the PHF Tau protein in the whole brain (Fig.
27a, b), SN area (Fig. 27c, d) and both STR anterior (Fig. 27¢, f) and posterior (Fig. 27g, h) 2
and 7 days post injury, suggesting a neurodegenerative-like neuropathology following our blast
model injury. This further supports the idea that perhaps the oxidative stress from brain injuries
dysregulates key proteins such as tau and if not mitigated can lead to neurodegneration. The
successful development of true biochemical markers of blast injury, particularly mild-bTBI could
help distinguish from other type of brain trauma and help find therapeutic targets post-mild
bTBI.

In conclusion, this study provides insight into potential pathophysiological responses of the
brain after a single mild blast traumatic brain injury that may lead to Parkinson’s disease-like
neurodegenerative processes. These studies were aimed to evaluate the role of oxidative stress, a-
synuclein, and nigrostriatal DA regulation after a mild-blast traumatic brain injury. We found
that the endogenous reactive aldehyde acrolein may play a key role in increasing PD
susceptibility after TBI by inducing PD-like pathology, specifically a-syn oligomerization and
dopaminergic dysregulation. Our data indicate that increased levels of acrolein are associated
with a-syn aberrations after exposure to a single, mild blast event and, further, that acrolein can
directly modify and oligomerize a-syn in vitro and in vivo. Furthermore, we show dysregulation
of TH activity post-injury, indicating dopaminergic neuron disturbance.

Increased acrolein levels in our mbTBI rat model indicate ongoing acute to subacute
oxidative stress and lipid peroxidation cascades in the brain post-TBI consistent with prior
reports, suggesting these pathways may be critical initiators of later stage TBI pathophysiology
including inflammatory and degenerative processes. As demonstrated herein, acrolein may serve
as a pathological link between TBI and PD, opening new avenues for therapeutic targets to

mitigate the long-term consequences in TBI patients. These findings warrant further
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investigation into the clinical relevance of acrolein and related aldehydes, as well as its direct
role in and mechanisms for modifying a-syn post-injury. We hope this study sparks new avenues
for mechanistic and translational research, particularly for preventative therapeutic interventions

targeting oxidative stress and/or lipid peroxidation after TBI.

2.3. Long-Term Mild bTBI Biochemical Assessment

2.3.1. Rationale

The lack of neuromotor deficits in the acute (24-hr and 48-hr post-injury) time period
post injury validates our mild bTBI model. Furthermore, we have detected morphological and
biochemical abnormalities at these time points post-injury. We have shown through confocal
imaging an elevation of the blood-brain barrier disruption, activation of microglial/macrophage
inflammation, and an increased levels of acrolein, a marker of oxidative stress in our acute post-
mild bTBI model [230]. Our acute neuropathological assessment post-injury (Section 2.2), show
evidence of role of acrolein post-mild injury and its role in inducing PD-like neuropathology.
These initial assessments provide essential information regarding the biochemical changes in the
brain post-mild bTBI injury. However, for a better diagnostic and therapeutic interventions to
help alleviate or prevent long-term consequences post-injury, a more thorough assessment at
different time points of the injury is warranted and especially PD neuropathology has a later
onset. Specifically, we propose a biochemical characterization focusing on acrolein and PD-
pathology markers post-mild bTBI. We hypothesize that the biochemical events flowing chronic
mild-bTBI, especially acrolein, plays an integral role in the development of PD post-injury. The
aim of this study is to obtain a more comprehensive biochemical assessment of the mild-blast
injury at a chronic stage focusing on PD-pathology.

2.3.2. Brief Methods

2.3.2.1.  Post-mortem brain tissue preparation and Western blotting

Rats were sacrificed for Western blot at 4 weeks, 6weeks post-mild blast TBI and sham
group. After deeply anesthetized with 80 mg/kg ketamine and 20 mg/kg xylazine cocktail,
animals were transcardially perfused with Krebs solution and decapitated. Whole brains were
quickly removed and frozen on dry ice and stored in the -80°C until processed. Tissue from the
striatal regions (STR: B5 (anterior), C5 (posterior)) and substantia nigral region (SN: E8) was

dissected out according to Paxinos & Watson’s The Rat Brain Atlas as a reference guide for the
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regional assessment. Similar protein isolation and Western Blot methods were employed as
mentioned in Section 2.2.2.
2.3.2.2.  Detection of acrolein (3-HPMA Measurements)

The quantification of acrolein and its metabolites in urine has recently been established
using liquid chromatography-mass spectroscopy (LC/MS); providing a non-invasive detection to
monitor acrolein and investigate its pathological role in brain injuries and other diseases [45, 58,
147-151]. Similar methods mentioned in Section 2.2.2 was used to assessed urine samples 2-

days and 20-days post-blast injury.

2.3.3. Results and Discussion
2.3.3.1.  Biochemical assessment of acrolein metabolite, 3-HPMA, and acrolein-lys
protein adducts

A stable acrolein metabolite, 3-HPMA[231], was analyzed by LC-MS/MS in the urine of
blast exposed animals at 2 and 20 days post injury (Fig 28). 3-HPMA, a product of the reaction
of acrolein and glutathione[231], showed significant elevated levels in the urine at 2 days (1.83
+ 0.29 %, n=5) post-injury (Fig. 28) when compared to the sham group (0.47 = 0.19) %, n=4)
(p=0.009), but not 20 days (0.88 + 0.12 %, n=4) post injury compared to sham group (0.76 +
0.39 %, n=4) (Fig 28). Western blotting technique using homogenized whole brain tissue from
rats sacrificed at four (99.20 = 20.31 %, n=4) and six (94.42 = 19.70 %, n=4) weeks post-blast
indicated no significant elevations of acrolein-lysine adducts compared to the control (100 +
15.62 %, n=5) (Fig. 29) [F(2,10)=0.02, p=0.974]. This suggests that oxidative stress is elevated
on a subacute timescale in the central nervous system (CNS) following blast exposure.

In the anterior STR (BS5) area (Fig 30a, b) there was a trend of increased of acrolein-lys
protein adducts at 4-weeks (83.36 = 16.15 %, n=5) and 6- weeks (65.41 = 24.86 %, n=5) post
injury compared to the control (100 £ 20.95 %, n=4), but not significant [F(2,11)=3.99, p=0.05].
In the posterior STR (C5) (Fig. 30c, d) acrolein-lys adducts levels were significantly increased 4-
weeks (102.37 + 34.87 %, n=5) and elevated 6-weeks (58.03 = 19.81 %, n=5)post-injury
compared to the control (100 £+ 13.56 %, n=5) [F(2,12)=4.41, p=0.03]. Consequently, in the SN
region (E8) (Fig. 31) acrolein-lys adducts levels were increased 4-weeks (21.35 = 5.60 %, n=5)
and significantly elevated 6-weeks (52.64 £ 10.14 %, n=5) post-injury compared to the control
group (100 £ 17.08 %, n=5) [F(2,12)=4.93, p=0.02].
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Our data suggest that systemic and whole brain levels of acrolein were not significantly
increased 4- and 6- weeks post-injury. However, the significant elevations in the STR and
SN area suggest that these regions are more vulnerable after the injury and that the levels of

acrolein were sustained suggesting that a PD-like neuropathology.
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Figure 28: 3-HMPA Measurements Post-Blast Injury, an acrolein metabolite. Data expressed
as mean (+S.E.M.) and normalized to their baseline. Group treatment summary: Sham Blast is
the control group (anesthesized and placed in the room where the blast occurs), Blast (as described
on the Methods section). There is a significant increase of 3-HPMA levels two days post blast.
Tukey’s post-hoc indicates significant increase in the blast (*p<0.05). Measurements twenty days
post-blast iniurv show no significant increase of 3 HPMA levels. Error bars represent SEM.
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Figure 29. Acrolein-lysine adducts in whole brain preparation after mild bTBI.
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(A)

Western Blot image of acrolein-lysine modified proteins (FDP-Lys) and B-actin for each group
at control, 4-week and 6-week post-blast. (B) Quantification demonstrated no significant
difference between control, 4-week and 6-week post-injury [F(2,10)=0.02, p=0.974]. Data are
relative, normalized as percent control and presented as mean + SEM.
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Figure 30. Acrolein-lysine adducts increase in striatum after mild bTBI. (A) Western Blot image of
acrolein-lysine modified proteins (FDP-Lys) and B-actin for each group at control, 4-week and 6-week
post-blast of the BS striatal region. (B) Quantification demonstrated no significant difference between
control, 4-week and 6-week post-injury [F(2,11)=3.99, p=0.05]. (C) Western Blot image of acrolein-
lysine modified proteins (FDP-Lys) and B-actin for each group at control, 4-week and 6-week post-blast
of the C5 striatal region. (B) Quantification demonstrated significant difference between control and 4-
week, but not at 6-week post-injury [F(2,12)=4.41, p=0.03]. Data are relative, normalized as percent
control and presented as mean £ SEM. Tukey’s post-hoc test. *p<0.05, **p<0.01.
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Figure 31. Acrolein-lysine adducts increase in substantia nigra region after mild bTBI. (A)
Western Blot image of acrolein-lysine modified proteins (FDP-Lys) and B-actin for each group at
control, 4-week and 6-week post-blast. (B) Quantification demonstrated no significant difference
between control and 2-day post-injury, but a significant increase at 6-week post-injury
[F(2,12)=4.93, p=0.02]. Data are relative, normalized as percent control and presented as mean =+
SEM. Tukev’s post-hoc test. ¥*p<0.05. **p<0.01.
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Figure 32. Aberrant expression of a-synuclein in whole brain preparation after mild bTBI.
(A) Western Blot image of a-syn at approximately 25kDA, a-syn at 19kDA, and B-actin at
control, week 4 and week 6 post-blast. (B) There is a significant increase of the 25 kDa a-syn 4
weeks post-blast [F(2,11)=4.31 p=0.04] but not 6 weeks. (C) Decreased levels of the 19 kDa a-
syn at 4 weeks and significant decrease at 6 weeks post blast. [F(2,11)=5.53, p=0.02]. (D) The
normalized ratio of the 25 kDa and 19 kDa a-syn at control, 4 and 6 weeks post-blast indicates an
overall increase of a-syn [F(2,12)=10.21, p=0.003). Data in B-D are relative, normalized as
percent control, and presented as mean £ SEM. Tukey’s post-hoc test. *p<0.05, **p<0.01.
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Figure 33. Aberrant expression of a-synuclein in striatal region after mild bTBI. (A) BS5 striatal
region Western blot image of a-syn at approximately 25kDA, a-syn at 19kDA and B-actin for control,
week 4 and week 6 post-blast. (B) There is a significant increase at 25 kDa a-syn [F(2,12)=4.38 p=0.03]
4-weeks post-injury. (C) There is a significant decrease at of 19kDa a-syn [F(2,11)=7.97, p=0.007] 4-
and 6-weeks post-injury. (D) The normalized ratio of the 25 kDa and 19 kDa forms of a-syn indicates an
overall increased levels of a-syn [F(2,12)=37.72, p=0.00] post-injury. (E) C5 striatal region Western blot
image of a-syn at approximately 25kDA, a-syn at 19kDA and B-actin for control, week 4 and week 6
post-blast. (F) There is a significant increase at 25 kDa a-syn [F(2,12)=7.45 p=0.008] 4-weeks post-
injury. (G) There is a significant decrease at of 19kDa a-syn [F(2,11)=17.91, p=0.000] 4- and 6-weeks
post-injury. (H) The normalized ratio of the 25 kDa and 19 kDa forms of a-syn indicates an overall
increased levels of a-syn [F(2,12)=58.21, p=0.000] post-injury. Data in B-D and F-G are relative,
normalized as percent control, and presented as mean = SEM. Tukey’s post-hoc test. *p<0.05, **p<0.01.
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Figure 34. Aberrant expression of a-synuclein in substantia nigra region (E8) after mild bTBIL.
(A) Western Blot image of a-syn at approximately 25kDA, a-syn at 19kDA and B-actin at control,
week 4 and week 6 post-blast. (B) There is a significant increase at 25 kDa a-syn [F(2,9)=9.11
p=0.007] 4- and 6-weeks post-injury. (C) There is a significant decrease at of 19kDa a-syn
[F(2,9)=26.7, p=0.000] 4- and 6-weeks post-injury. (D) The normalized ratio of the 25 kDa and 19
kDa forms of a-syn indicates an overall increased levels of a-syn [F(2,9)=62.40, p=0.000] post-
injury. Data in B-D are relative, normalized as percent control, and presented as mean + SEM.
Tukey’s post-hoc test. *p<0.05, **p<0.01.

2.3.3.2.  Chronic aberrant levels of a-synculein post-mild bTBI

a-Synuclein is the main protein present in the Lewy Bodies (LB) found in the surviving
dopaminergic neurons of PD patients. It is a small soluble protein (14 kDa) that is highly
localized in the presynaptic terminals [191, 192], and can be essential in normal brain function.
However, the exact function and neurotoxic level of a-synuclein remains unclear. o-Synuclein
is very sensitive to environmental factors and genetic modifications which trigger its misfolding
and an eventual loss of normal function. Point mutations in the a-synuclein gene can enhance its
aggregation and thus contributes to the development of the familial and rare forms of PD.
Currently, little is known about the mechanism leading to the aggregation of a-synuclein,
however one study suggests that the dimerization of the protein can be a rate-limiting step in its
aggregation leading to the formation of LBs [195]. The ubiquitin proteasome system (UPS) and
oxidative stress are two mechanisms, which can promote a-synuclein aggregation. UPS is the
main biochemical pathway for degrading both normal and abnormal (mutated, misfolded)
intracellular proteins [232, 233], such as a-synuclein. Malfunction of this system leads to
protein accumulation and cell death [234, 235]. Several studies have shown that in PD this
ubiquitin-dependent protein degradation is impaired [233]. In vivo post-translational

modifications such as phosphorylation and ubiquitination can interfere with the function and
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degradation of a-synuclein and alter its native state in a way that enables aggregation. Tofaris et
al. (2003) used a two-dimensional gel electrophoresis approach to characterize the pathogenic
species of a-synuclein in LBs isolated from the post-mortem brain tissue of PD individuals
[220]. They found a highly modified species of a-synuclein at 22-24 kDa that was ubiquitinated.
This species was conjugated with at least 1-3 ubiquitins. Furthermore, this 22-24 kDa a-
synuclein species was hyperphosphorylated on its serine residues. The phosphorylation of a-
synuclein at Ser-129 has been highly associated with LB a-synucleins and accelerates
neurodegeneration in a rat model of PD [236]. In addition, as mentioned previously, this Ser129
site can also regulate TH activity and further implicates these post-translational modifications of
a-synuclein in the pathogenesis of PD.

Our Western blots consistently showed two distinct bands of a-synuclein, at around 19 kDa
and 25 kDa (Fig. 32, Fig. 33, Fig. 34). We speculate that the band observed at 19 kDa is the
monomeric form of a-synuclein, which is the “normal” unmodified form, and the 25 kDa is the
modified form of a-synuclein, possibly by post-translational modifications. We measured the o-
syn protein levels using Western blotting in the whole, striatal (STR), and substantia nigral (SN)
brain region lysates. All values were normalized using B-actin and expressed as percent control.
In the whole brain lysates analysis (Fig 32b) of the 25 kDa band ANOVA shows a significant
group effect [F(2,11)=4.31 p=0.04] and pairwise comparison show a significant increase in the
4-week (34.73 £ 17.71 %, n=4) but not 6-week (7.29 + 7.76 %, n=4) post-injury group compared
to the control (100 £ 4.03 %, n=6; *p<0.05, **p<0.01) as shown in Fig. 32b. On the other hand,
in the whole brain lysates at 19 kDa o-syn band a significant group effect is observed
[F(2,11)=5.53, p=0.02] and pairwise comparison shows a decrease in the 4-week (37.02 + 12.10
%, n=4), significant decrease 6-week (45.62 + 0.67 %, n=4) post-injury groups compared to the
control (100 = 11.83 %, n=6; *p<0.05, **p<0.01) as shown in Fig. 32¢. Ratio analysis of the 25
kDa and 19 kDa a-syn bands showed statistically significant increase in the proportion of over
all a-syn accounted for by the 25 kDa a-syn species [F(2,12)=10.21, p=0.003) and pairwise
comparison showed significant increase levels in the 4-week (82.33 + 14.39 %, n=4 and 6-week
(61.36 = 9.10 %, n=4) post-injury groups compared to the control (100 + 14.10 %, n=6; *p<0.05,
**p<0.01) as shown in Fig. 32d.

In the striatal regions, B5 (anterior) the levels of a-syn protein levels at 25 kDa (Fig. 33b)

show a significant group effect [F(2,12)=4.38 p=0.03] and pairwise comparison shows a
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significant increase in 4-week (87.57 + 26.58 %, n=5), but not in 6-week (67.18 £ 26.77 %, n=5)
post-injury compared to the control (100 + 3.47 %, n=5; *p<0.05, **p<0.01) as shown in Fig.
33b. In the CS5 (posterior) region (Fig. 33f) a significant group effect [F(2,12)=7.45 p=0.008] and
pairwise comparison shows a significant increase in 4-week (83.07 + 23.17 %, n=5), but not in 6-
week (58.97 £ 10.24 %, n=5) post-injury compared to the control (100 £ 9.62 %, n=5; *p<0.05,
*#p<0.01) as shown in Fig. 33f. a-syn protein levels at 19 kDa show significant decrease in both
B5 and CS5 striatal regions. In B5 (anterior) (Fig. 33c¢), a significant group effect [F(2,11)=7.97,
p=0.007] and pairwise comparison shows a significant decrease in 4-week (30.34 + 5.76 %,
n=5), 6-week (40.01 = 7.81 %, n=5) post-injury compared to the control (100 = 7.74 %, n=4;
*p<0.05, **p<0.01) as shown in Fig. 33c. In C5 (posterior) (Fig. 33g), a significant group effect
[F(2,11)=17.91, p=0.000] and pairwise comparison shows a significant decrease in 4-week
(33.96 £ 4.0 %, n=4), 6-week (38.70 £ 3.02 %, n=5) post-injury compared to the control (100 £
6.89 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 33g. The ratio analysis of the 25 kDa and 19
kDa bands shows a statistically significant increase in the proportion of overall a-syn protein
accounted for by the 25 kDa a-syn species in both B5 and C5 striatal region. In B5 (anterior)
(Fig. 33d), [F(2,12)=37.72, p=0.00] pairwise comparison show a significant increase in 4-week
(137.02 £ 17.92 %, n=5), 6-week (146.58 = 11.77, n=5) post-injury compared to the control
group (100 + 8.64, n=5; *p<0.05, **p<0.01 ) as shown in Fig. 33d. In C5 (posterior) (Fig. 33h),
[F(2,12)=58.21, p=0.000] and pairwise comparison show a significant increase in 4-week
(142.04 £ 8.24 %, n=5), 6-week (159.63 £ 15.93, n=5) post-injury compared to the control group
(100 £ 8.53, n=5; *p<0.05, **p<0.01 ) as shown in Fig. 33h.

Consequently, the a-syn protein levels at 25 kDa in the substantia nigral region (Fig. 34b)
show a significant group effect [F(2,9)=9.11 p=0.007] and pairwise comparison shows a
significant increase in 4-week (26.94 + 8.28 %, n=4), 6-week (22.91 + 5.68 %, n=4) post-injury
compared to the control (100 £ 5.98 %, n=4; *p<0.05, **p<0.01) as shown in Fig. 34b. A
significant group effect is also observed in the 19 kDa band (Fig. 34c) [F(2,9)=26.7, p=0.000]
and pairwise comparison show a significant decrease in 4-week (59.50 + 3.60 %, n=4), and 6-
week (66.97 £ 1.01 %, n=4) post-injury compared to the control (100 + 11.70 %, n=5, *p<0.05,
**p<0.01) as shown in Fig. 34c. Similarly, The ratio analysis of the 25 kDa and 19 kDa bands
(Fig. 34d) shows a statistically significant increase in the proportion of overall a-syn protein

accounted for by the 25 kDa a-syn species in the SN region (E8) [F(2,9)=62.40, p=0.000] and
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pairwise comparison show a significant increase only in 4-week (212.48 + 16.25 %, n=4) and a
trend of increase in 6-week (324.95 + 31.79, n=4) post-injury compared to the control group (100
+ 5.83, n=4; *p<0.05, **p<0.01 ) as shown in Fig. 34d.

Our data showed that the aberration of a-synuclein at weeks post injury is sustained similar
to only days after injury in the whole brain and nigrostriatal pathway. This supports a PD-like
neuropathology as a long-term consequence post-blast injury. It is essential to conduct further
experiments to validate the 25 kDa a-synuclein bands on our results and the specific a-synuclein
post-translational modification mechanism. We suspect that perhaps, the acrolein damage to the
a-synuclein during days post-blast may not be reversed after weeks post-injury. We speculate
that increased levels of modified of a-synuclein suggests a disruption of the physiological
integrity of the cells and can also affect dopamine regulation. Similarly in vitro studies have
demonstrated that overexpression of a-synuclein reduces the levels of TH mRNA and protein
[237, 238] and thereby can regulates TH expression and affects dopamine synthesis in the brain,
further exacerbating PD pathology.

2.3.3.3.  Chronic alterations of tyrosine hydroxylase post-mild bTBI

TH catalyzes the amino acid tyrosine to Levodopa (L-dopa), which is the rate-limiting step in
synthesizing the catecholamine dopamine [201, 202]. In PD patients, TH activity is decreased in
the nigro-striatal area, which results in the reduction of dopamine levels [203]. TH is essential in
the synthesis of dopamine and it is an essential biomarker implicated in the neurodegeneration
process of PD. Our data suggest an overall dysregulation of TH in the whole brain (Fig. 35),
STR (Fig. 36), and SN (Fig. 37) at 4-weeks and 6-weeks post-blast injury. This is similar trend
of dysregulation shown in Section 2.2.3 suggesting a PD-like neuropathology. We speculate that
the damage of the TH regulation early on after the injury, specifically acrolein, is sustained as a
long-term consequence of the injury.

In the whole brain lysates (Fig. 35), there were no significant changes in the TH protein
levels [F(2,12)=0.62], p=0.55] (Fig. 35b) and TH pSer31 [F(2,11)=1.42, p=0.28] (Fig. 35d),
respectively. However, there was a significant group effect of TH pSer40 [F(2,11)=4.37, p=0.04]
and pairwise comparison show significant increase in 4-week (41.92 + 7.08 %, n=4) and but not
in 6-week (23.33 £ 14.34 %, n=4) post-injury groups compared to control (100 + 8.95 %, n=6;
*p<0.05, **p<0.01) (Fig. 35f).
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Figure 35. Increased phosphorylation of tyrosine hydroxylase (TH) at Ser40 after mild bTBI in
whole brain preparation. (A,C,E) Western Blot images of un-phosphorylated TH (A),

phosphorylated TH at Ser31(B), phosphorylated TH at Ser40(C), and B-actin for each group at control,
4 and 6 weeks post-blast. (B,D,F) Comparisons were made between control, 4-w and 6-w post-
injury in all three forms of TH. No significant changes were observed in (B) un-phosphorylated

[F(2,12)=0.62], p=0.55] or (D) Ser31—ph0sphorylated [F(2,11)=1.42, p=0.28] TH. (F)

Phosphorylation at Ser4 , TH’s primary activation site, demonstrated significant increase at 4 weeks

[F(2,11)=4.37, p=0.04], but not at 6 weeks post-injury. Data in B,D,F is relative, normalized as

percent control, and presented as mean £ SEM. Tukey’s post-hoc test. *p<0.05.

In the striatal brain region lysates, there were significant increase in the TH protein levels in
the B5 (anterior) (Fig. 36b) [F(2,12)=4.27, p=0.04] and pairwise comparison show significant
increase in 4-week (68.39 + 14.60 %, n=5) and 6-week (74.69 + 26.02 %, n=5) post-injury
groups compared to control (100 £ 17.68 %, n=5; *p<0.05, **p<0.01) (Fig. 36b). Similarly in
the C5 (posterior) (Fig. 36j) TH protein levels were significantly increase [F(2,12)=6.62, p=0.01]
in 4-week (79.60 + 21.43 %, n=5) and 6-week (71.83 £ 10.66 %, n=5) post-injury groups
compared to control (100 + 17.31 %, n=5; *p<0.05, **p<0.01) (Fig. 36j).

Interestingly, TH pSer31 levels in the B5 (Fig. 36d) region were significantly decrease
[F(2,11)=7.87, p=0.008] in 4-week (23.63 = 5.25 %, n=5) and 6-week (27.63 + 6.02 %, n=5)
post-injury groups compared to control (100 £ 2.25 %, n=4; *p<0.05, **p<0.01) (Fig. 36d). In
the C5 (Fig. 36k) TH pSer31 levels were significantly increase F(2,9)=4.43, p=0.04] in 4-week
(28.30 £ 7.10 %, n=4) and 6-week (23.54 + 8.15 %, n=4) post-injury groups compared to control
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(100 £ 6.19 %, n=4; *p<0.05, **p<0.01) (Fig. 36k). The TH pSer40 showed similar trend. In
B5 (Fig. 36f) pSer40 levels were significantly decrease [F(2,11)=7.01, p=0.01] in 4-week (31.95
+ 4.47 %, n=5) and 6-week (35.88 £ 3.85 %, n=5) post-injury groups compared to control (100 £
12.60 %, n=4; *p<0.05, **p<0.01) (Fig. 36f). In the C5 (Fig. 361) TH pSer40 levels were
significantly increase [F(2,9)=4.53, p=0.04] in 4-week (85.76 £ 23.55 %, n=4) and 6-week
(92.91 £ 29.03 %, n=4) post-injury groups compared to control (100 + 19.27 %, n=4; *p<0.05,
**p<0.01) (Fig. 361).

In the substantia nigral region, TH protein (Fig. 37a) and its phosphorylation sites at serine
31(Fig. 37¢) and serine 40 (Fig. 37¢) were also measured using Western blotting. Analysis on the
TH protein levels showed no significant change [F(2,12)=1.18, p=0.24] Fig. 37b. TH protein
levels at serine 31 phosphorylation site (showed a significant group effect [F(2,11)=4.65,
p=0.03] and pairwise comparison showed significant increase in 4-week (55.68 £ 20.45 %, n=4)
and but not in 6-week (31.54 £ 11.76 %, n=5) post-injury groups compared to control (100 +
5.14 %, n=5; *p<0.05, **p<0.01) as shown in Fig. 37d. Similarly, TH protein levels at serine 40
phosphorylation site showed a significant group effect [F(2,11)=7.46, p=0.009] and pairwise
comparison showed significant decrease in 4-week (31.28 + 3.87 %, n=5) and 6-week (31.04 £
8.69 %, n=5) post-injury groups compared to control (100 + 8.77 %, n=4; *p<0.05, **p<0.01) as
shown in Fig. 37f.

Due to the myelin content of brain tissue, lipid peroxidation (LPO) is a major process of
neurodegeneration-related oxidative stress. Among the end products of LPO, acrolein is a far
more reactive molecule compared to the other aldehydes products (Figure 1). Although acrolein
has been shown to modify proteins in vitro [47, 148] and acrolein-modified proteins have been
observed in PD brains [239], the mechanisms by which it interacts with TH remain unclear. It is
possible that acrolein can modulate the function of TH through direct or indirect signaling that is
thereby affecting dopamine synthesis. TH is an enzyme in which its activity is regulated by
kinases and phosphatases, activators and deactivators respectively.  The main kinases that
regulate TH phosphorylation at Ser40 are the cAMP-dependent protein kinase A (PKA) and the
mitogen-activated protein kinase-activated protein kinase 2 (MAPKAP-K2) [191, 222, 223]. In
addition, the adapter protein, 14-3-3 enhances both kinases phosphorylation of TH at Ser40 and
TH function [240]. On the other hand, protein kinase Co (PKCd) has been shown to decrease TH

activity and DA synthesis. PKC$ is also highly expressed in the nigral dopaminergic neurons



66

and co-localizes with TH [191, 224]. The potential of oxidative stress, specifically acrolein, to
modulate any one of these proteins may be critical for PD progression.

Possibly the most important regulatory protein of TH is a-synuclein since it is directly
implicated in PD pathology. The function of a-synuclein, the major protein found in the in
Lewy body inclusions of PD, is not fully understood. However, the abnormal expression of o.-
synuclein has been demonstrated to inhibit TH gene expression and its activity in both in vitro
and in vivo studies [191]. TH function is hindered in both transgenic mice overexpressing o.-
synuclein and in dopaminergic cells transfected with a-synuclein [213, 214]. Additionally,
transfection of a-synuclein in MES 23.5 dopaminergic cell line induces cell injury and decreases
TH gene expression and protein levels [215]. Furthermore, a-synuclein has similar protein
homology as 14-3-3 and is thought to function as a chaperone protein [158, 159, 216-218]. The
14-3-3 chaperone protein enhances the kinase’s function to activate TH at pSer40 thereby
increasing DA synthesis [219-221]. Interestingly, a-synuclein is found to activate phosphatases,
particularly phosphatase 2A (PP2A), leading to the inhibition of TH activity [241] and could
explain the decrease in TH activity and gene expression in the aforementioned in vitro and in
vivo studies. Further investigation of the exact mechanism underlying a-synuclein effects on TH
and PP2A, particularly delineating its soluble forms, is need not only for PD targeted
therapeutics but also to potentially regress or prevent the onset of PD following blast injury.

The mechanisms by which acrolein affects biological systems are not yet fully understood;
however, many of its effects are attributed to activation of such kinases mentioned above,
particularly (MAPKs) and c-Jun N-terminal kinase (JNK) [225, 226], as well as chemokine
production and the induction of apoptosis [185, 226]. The reactive properties of acrolein allow it
to readily target these proteins by Michael addition to the cysteine, lysine and histidine residues,
and thereby can dysregulate their function and affect downstream signaling pathways,
particularly the dopaminergic synthesis and neurotransmission. In relation to the interplay
between the kinases and phosphatases mentioned above, TH and a-synuclein in the presences of
acrolein needs to be further validated to fully understand the pathology of blast injury and how it
can potentiate PD pathology.

Additionally PD pathology is marked by increased inflammation and levels of pro-

inflammatory cytokines, such as TNF-a [242]. This event can trigger proteosomal degradation
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of TH and contribute to reduce TH levels [243]. This implicates the role of inflammation in the
regulation of TH, and with acrolein’s pro-inflammatory role, increased acrolein levels post-
mBINT may directly affect TH activity as observed in our blots. Our results present further
investigation on the role of acrolein post-mBINT and on the mechanisms and pathways of TH
activation and deactivation to further elucidate its contribution to PD pathology. Also,
investigation of the multi-site phosphorylation of TH is warranted. Overall, our data show a
dysregulation of TH levels as a long-term consequence of blast injury and contributing to a PD-
like neuropathology.
2.3.3.4.  Tau neuropathy post-mild bTBI

As mentioned in Section 2, Tau protein is one of the major microtubule associated proteins
(MAPs) and plays an essential function in the modulation and spatial organization of
microtubules [161-165]. It is protein is the main component of the neurofibrillary tangles
(NFT’s), one of the pathological hallmarks of Alzheimer’s disease (AD) [161], however tau
protein neuropathy (tauopathy) is also observed in PD and can be found in the Lewy bodies,
hallmark of PD [166-170]. This suggests that both AD and PD have overlapping neuropathology.
We assessed the tau neuropathy at 4-week and 6-week post-injury by measuring the PHF-Tau
(pSer202/Thr205) in the whole brain and nigrotsriatal pathway (Fig. 38).

In the whole brain lysates (Fig. 38a, b) there is a significant decrease 4 weeks (39.33 + 8.41
%, n=4), post injury and but not 6 weeks (31.92 + 6.57 %, n=4), compared to the control group
(100 £ 10.31 %, n=6); [F(2,11)=5.38, p=0.02]. In the SN area (ES8), (Fig. 38c, d) there is a
significant increase 4 weeks (66.38 + 9.67 %, n=5) and sustained increase 6 weeks (72.77 +
20.59 %, n=5) post injury compared to the control group (100 + 17.45 %, n=5); [F(2,12)=5.92,
p=0.01]. In the anterior STR (B5) (Fig 38e, f) there was a significant increase 4 weeks (76.49 +
13.07 %, n=5) and 6 weeks (55.72 £ 19.29 %, n=5) post injury compared to the control (100 +
7.69 %, n=4); [F(2,11)=7.39, p=0.009]. Similarly in the posterior STR (C5) (Fig 38g, h), there
was a significant increase 4 weeks (97.89 £ 17.27 %, n=5) and 6 weeks (68.81 + 68.81 %, n=4)
post injury compared to the control (100 = 10.76 %, n=5); [F(2,11)=10.81, p=0.003]. Our data
showed an overall Tau neuropathy especially in the nigrostriatal pathway and supports a PD-like

neuropathology as a long-term consequence of mild-blast TBI.
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Figure 36. Dysregulation of tyrosine hydroxylase (TH) in the striatum after mild bTBI.
(A,C,E) B5 striatal region Western Blot images of (A) un-phosphorylated TH, (C)
phosphorylated TH at Ser31, (E) phosphorylated TH at Ser40, and B-actin for each group at
control, 4 and 6 weeks post-blast. (B,D,F) Comparisons were made between control and 4-
weeks, as well as 6-weeks post-injury in al three forms of TH. (B) There is significant
increase of the un-phosphorylated TH at 4 and 6 weeks post-blast [F(2,12)=4.27, p=0.04].
(D) There is a significant decrease of Ser31-phosphorylated TH [F(2,11)=7.87, p=0.008] post
injury. (F) There is a significant decrease of the Ser40-phosphorylated TH [F(2,11)=7.01,
p=0.01]. (G,H,I) CS5 striatal region Western Blot images of (G) un-phosphorylated TH, (H)

phosphorylated TH at Ser31, (D) phosphorylated TH at Ser40, and B-actin for each group at
control, 4 and 6 weeks post-blast. (J,K,L) Comparisons were made between control and 4-
weeks, as well as 6-weeks post-injury in al three forms of TH. (J) There is a significant
increase of the un-phosphorylated TH post-blast [F(2,12)=6.62, p=0.01]. (K) There is

significant increase of the Ser31-phosphorylated TH [F(2,9)=4.43, p=0.04] post-blast. (L)

There is a significant increase of the Ser40-phosphorylated TH [F(2,9)=4.53, p=0.04] post-
blast. Data in B,D,F and J,K,L is relative, normalized as percent control, and presented as
mean + SEM. Fisher’s LSD or Tukey’s post-hoc test. *p<0.05, **p<0.01.
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Figure 37. Increased phosphorylation of tyrosine hydroxylase (TH) at Ser40 and Ser31
in the substantia nigra region (E8) after mild bTBI. (A,C,E) Western Blot images of (A)
un-phosphorylated TH, (C) phosphorylated TH at Ser31, (E) phosphorylated TH at Ser40, and
B-actin for each group at control, 2 and 7 days post-blast. (B,D,F) Comparisons were made
between control and 4-week and 6-week post-injury in all three forms of TH. (B) There is
no significant change in the un-phosphorylated TH post-blast injury [F(2,12)=1.18, p=0.24].
(D) There is a significant increase of Ser3l—phosphory1ated TH [F(2,11)=4.65, p=0.03] 4
weeks post-injury.  (F) There is a significant increase of Ser4o—phosphorylated TH
[F(2,11)=7.46, p=0.009] 4 and 6 weeks post-injury. Data in B,D,F is relative, normalized as
percent control, and presented as mean £ SEM. Tukey’s post-hoc test. *p<0.05, **p<0.01.
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Figure 38. Increased pPHF Tau Serm/Thr205 in the whole brain, SN and STR region.
Comparisons of pPHF Tau were made between control and post-blast in these brain areas. (A)
Western Blot image of pPHF Tau Ser202/Thr205 and B-actin for each group at control, 4 and 6
weeks post-blast in the whole brain. (B) pPHF Tau Ser202/Thr205 significantly decreased at 4 and
a trend of increased at 6 weeks post-blast [F(2,11)=5.38, p=0.02]. (C) Western Blot image of pPHF
Tau Ser202/Thr205 and B-actin for each group at control, 4 and 6 weeks post-blast in the SN (E8).
(D) pPHF Tau Ser202/Thr205 is significantly increased at 4 and 6 weeks post-blast [F(2,12)=5.92,
p=0.01]. (E) Western Blot image of pPHF Tau Ser202/Thr205 and B-actin for each group at control,
4 and 6 weeks post-blast in the B5 STR region. (F) pPHF Tau Ser202/Thr205 is significantly
increased at 4 and 6 weeks post-blast [F(2,11)=7.39, p=0.009]. (G) Western Blot image of pPHF
Tau Ser202/Thr205 and B-actin for each group at control, 4 and 6 weeks post-blast in the C5 STR
region. (H) pPHF Tau Ser202/Thr205 is significantly increased at 4 and 6 weeks post-blast
[F(2,11)=10.81, p=0.003]. Data in B,D,F is relative, normalized as percent control, and presented as
mean = SEM. Tukey’s post-hoc test were used. *p<0.05, **p<0.01.
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3. SUSCEPTIBILITY OF PD-LIKE MOTOR DEFICITS FOLLOWING A
MILD-bTBI

3.1. Gross Motor Behavior Tests and Biochemical Characterization of the Injury
Models
3.1.1. Rationale
In light of these findings (Section 2), we propose that acrolein may be the underlying
culprit rendering blast victims vulnerable to PD development. Additionally, in vitro studies
performed in our laboratory show that acrolein enhances protein aggregation and promotes
oligomerization of a —synuclein (data not shown). We postulate that elevated acrolein levels
instigated by blast injury may synergistically work with some other possible factors to trigger or
exacerbate PD pathology. With relevance to our animal models, we predict that the known event
of post-blast injury, acrolein elevation, in combination with a sub-threshold 6-OHDA (sub
clinical dose causing no behavioral deficits) may produce more severe PD like symptoms than

either injury alone.

Blast Sub-60H
Injury Injection Behavioral Testing

Baseline 0:0 0:0 —

-+ 4+ ———

Day1 2 3 4 5
Post-Blast

Figure 39: Section 3 Experimental Design and Timeline. Rats were trained on the rotarod and
acclimated on the open box before collecting baseline readings. A blast injury was performed on the
experimental group and 3 days after blast a sub-threshold dose of 6-OHDA was stereotaxically
injected into the substantial nigra. Behavioral tests were performed for a certain period of time and
animals were sacrificed according to PACUC guidelines after the study.
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3.1.2. Brief Methods
3.1.2.1.  Animal groups and numbers

Male Sprague Dawley rats (weight 350-450 grams) were used in this study. The rats were
kept on a 12 h light/12 h darkness cycle and free access to water and food, and at controlled
temperature of 25 °C. The experiments were performed under the strict accordance with
PACUC guidelines. mBINT was performed as described in Fig. 3. Our time line for the mild-
bTBI and sub-6-OHDA injection is shown in Fig. 39. The groups for this study:

Group 1: Sham_Blast (n=4)

Group 2: Mild-bTBI (n=5)

Group 3: Mild-bTBI + Sub-threshold 6-OHDA (n=5)

Group 4: Sub-threshold 6-OHDA only (n=5)

Group 5: 6-OHDA (n=5)

Group 6: Sham_ 6-OHDA (n=4)

3.1.2.2.  Mild blast-traumatic brain injury model and behavioral assessments

Mild-blast TBI was administered as seen in Fig. 3. Rats were evaluated for locomotion on
a rotarod. The rotarod speed increased gradually from 0-30 revolutions per minute over 3.5
minutes and remained at 30 rpm’s until stopping at the 3.5-minute, 30 second mark or earlier if
the rat fell. Criteria were developed to ensure animals were accustomed to the apparatus and
testing before exposure. For pre-injury training, the rats had to successfully complete 2 out of 3
runs at 30 rpm (top speed). The average of the 3 runs per animal per test were recorded and used
for analysis Then we measured further their locomotor and their exploratory behavior using the
open field activity box as described in Koob et. al. [109]. The rat was placed in the center of a
square 3 feet by 3 feet arena and allowed to explore for 15 minutes. Their exploratory activity
was captured on a camera, and the motor metric analysis was conducted using Anymaze
software (Stoelting Co., Wood Dale, IL). We collected data at least once a week on each animal
up to 7 weeks post-injury. We evaluated their rotational activity, distance travelled, mean speed,
immobility time, and rearing frequency. The blind analysis was employed in scoring of these

parameters.
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3.1.2.3.  The 6-hydroxydomapine (6-OHDA) Rat Model

The 6-OHDA is one of the well-known PD animal models and it has been established in
our lab. In brief, the 6-OHDA at 8ug diluted in sterile saline was administered using a Hamilton
syringe with a stainless steel cannula gauge injector to obtain a unilateral nigrostriatal lesion.
The rats were anesthetized with 100 mg/kg of ketamine and 10 mg/kg xylazine using
intraperitoneal (i.p.) injections. A burr hole was made in the skull using a dermal drill, and after
careful piercing of the dura mater; the needle was inserted vertically according to the stereotaxic
coordinates using Paxinos as reference. Two microliters of the 6-OHDA solution was infused at
a rate of 1 uL/min for 2 minutes. Sham-operated 6-OHDA rats (Group 6) rats received 2
microliters of saline delivered at the same rate. Sub-threshold 6-OHDA injection is induced
laterally into the substantia nigra at this following coordinates: -5.4AP, +3.0ML, -8.2DV with a
6-OHDA concentration of 4ug/2ul. and a full 6-OHDA with a higher concentration of at
8ug/2ul. The concentration of 6-OHDA has been previously used in our lab and the brain
coordinates was followed according to Bergstrom et al., 2001 [244]. For Group 3, sub-threshold
6-OHDA was induced 3 days after blast. Since symptoms of PD do not present until dopamine
loss in the putamen exceeds approximately 80%, the denervation produced by partial lesions as
suggested is more suitable for investigating the compensatory adaption in the pre-symptomatic or
preclinical phase of the disease [244].

3.1.3. Results and Discussion

3.1.3.1.  Susceptibility of PD-like motor deficits following a blast injury and sub-
threshold 6-OHDA injection

Loss of motor function is the predominant symptom of PD, which is observed in the most
common 6-hydroxydopamine (6-OHDA) rat model of the disease. Our lab has established the 6-
OHDA rat model by stereotaxically injecting 8 pg/2 pl of 6-OHDA into the substantia nigra (SN)
to induce PD-like motor deficits. 6-OHDA promotes neurodegeneration of dopaminergic
neurons in the substantia nigra further mimicking the pathology of PD. For our sub-threshold
60HD group (Sub_6-OHDA) we injected at the same site (see methods for coordinates) but at a
lower dosage of 6-OHDA (4 pg/2 pl). This is the first time we employed this sub-threshold
dosage and expect to not show motor deficits. Sham_6-OHDA, injection of saline into the SN, is
our negative control for this model. We trained each animal on the rotarod prior to collecting

baseline measurements, which included three testing times per day and 210 seconds on the
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rotarod was considered a perfect performance test. We averaged the motor performance for each
animal (3 test per data point) and within groups, which was used to plot our data. We followed
these animal groups’ motor performance for approximately two months and collected data at
different time points.
3.1.3.2.  Motor activity assessment

The overall trend of motor performance on the rotarod for each of the six groups of
animals is shown in Fig. 40a. Our motor performance test on the rotarod indicates that the
combination of Blast+Sub 6-OHDA (172.2 £+ 10.4 s) resulted in motor deficits similar to a full
6-OHDA PD model (180.1 + 3.8 s) and is consistent throughout the study. However, the Blast
only (204 £ 2.3 s) and Sub_6-OHDA (206 + 1.8 s) alone did not show motor deficits. At the end
of the study the motor performance test for each group was averaged and plotted on a bar graph
(Fig. 40b). ANOVA shows a significant group effect [F(5,22), **p<0.001]. Post-hoc
comparison between Blast and Blast+Sub_6-OHDA (*p<0.05), Sub_6-OHDA and Blast+Sub_6-
OHDA (*p<0.05), and Sub_6-OHDA and 6-OHDA (**p<0.01) all show statistically significant
differences. The error bars represent SEM values. These results show that mild Blast can
heighten the susceptibility to PD-like motor deficits. Motor deficits are absent in our mild Blast
only and Sub_6-OHDA only groups, but the combination of these produce a PD-like motor
deficits further supporting our hypothesis that mBINT can promote PD onset (Fig. 40). These
data further validates our mild bTBI model, mimicking phenotypes typically observed in human

mild-blast injury cases, and we have established an effective sub-threshold dosage of 6-OHDA.
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Figure 40: The combination of blast injury and sub-threshold 6-OHDA nigral injection
induces a PD-like motor deficits. (A) The Sub_6-OHDA group and Blast only group show no
motor deficits similar to the control groups (Sham_ Blast and Sham 6-OHDA). However, when
blast injury is combined with a Sub_6-OHDA injection to the substantia nigra (Blast+Sub 6-OHDA
group) produce motor deficits similar to the 6-OHDA group, PD model. A comparison between
Blast+Sub60H vs Blast only and Blast+Sub60H vs Sub60H only show significant differences as
indicated by the legends (*p<0.05). Error bars represent SEM. (B) The combination of blast injury
and sub-threshold 6-OHDA nigral injection induces a PD-like motor deficits. At the end of the
study, the average motor activity tests for each rat within each group were calculated. ANOVA
shows a significant group effect [F(2,22)=6.8, p=0.0005]. A post-hoc comparison using a two-
sample t-test assuming equal variance was used to compare Blast and Blast+sub60H and shows a
statistically significant difference (p=0.02). The comparison between Sub-60H and Blast+sub60H
show a statistically significant difference (p=0.02). In addition, the comparison between Sub-60H
and 6-OH (PD rat model) show statistically significant difference (p=0.001). Error bars represent
SEM.
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3.1.3.3.  Spontaneous rotation

The unilateral 6-hydroxydopamine (6-OHDA) injection of rat model of PD has been a typical
model in understanding the mechanisms underlying parkinsonian symptoms. It captures the
changes in the neurocircuitry of the basal ganglia and the pharmacology of PD patients [245-
250]. This model is assessed by measurement of spontaneous rotation with >70% ipsiversive
(towards the lesioned side), indicating a >95% dopamine depletion in the striatum [249, 251].
We measured the spontaneous rotation amongst our groups using the open field and rotations
were scored blindly. Figure 41a shows the average rotational preference (ipsiversive vs
contraversive) amongst the groups measured at 4-5 weeks post- injury. In the 6-OHDA model
there was a significant preference of ipsiversive rotation (81.0 + 6.24 rotations/15-min, n=5)
compared to contraversive rotation (52.0 + 9.81 rotations/15-min, n=5, *p<0.05). ANOVA
comparison of the ipsiversive rotation amongst group show s significant increase in the
Blast+Sub_6-OHDA (73.50 + 6.24 rotations/15-min, n=5) compared to the Blast group (45.10 +
2.28 rotations/15-min, n=5) [F(5,21)=4.32, p=0.007, *p<0.05, **p<0.01]. Furthermore, in the 6-
OHDA group (81.0 £ 6.24 rotations/15-min, n=5) show significant increase compared to the
Sham-6-OHDA (50.25 £+ 3.49 rotations/15-min, n=4). Analysis of spontaneous rotations 6-7
weeks post injury (Fig. 41b) show significant ipsiversive preference in the Blast+Sub_6-OHDA
(86.2 + 6.84 rotations/15-min, n=5, *p<0.05) similar to the 6-OHDA group (81.4 + 9.81
rotations/15-min, n=5, *p<0.05). ANOVA analysis of the ipsiversive rotations amongst groups
show significant group effect [F(5,21)=4.42, p=0.007, *p<0.05, **p<0.01], but no significance in
the contraversive rotations [F(5,22)=0.99, p=0.44]. These data, together with the rotarod,
support the synergistic effect of blast injury and injection of subthreshold 6-OHDA to induce a
PD-like motor deficits similar to the 6-OHDA model.
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Figure 41: Assessment of rotational behavior amongst the group (A) Rotational assessment at 4-
5 weeks post-injury. The 6-OHDA group shows significant ipsiversive preference (*p<0.05).
ANOVA analysis of the ipsiversive rotation shows significant group effect [F(5,21)=4.321,
p=0.007]. Significant increase in the Blast+Sub_6-OHDA similar to the 6-OHDA compared to the
Blast only and Sham_6-OHDA. (B) Rotational assessment at 6-7 weeks post injury. The
Blast+Sub-6-OHDA group shows significant ipsiversive rotational preference similar to the 6-
OHDA group. ANOVA analysis of the ipsiversive rotation indicates significant group effect
[F(5,21)=4.421, p=0.007]. Significant increase in the Blast+Sub 6-OHDA similar to the 6-OHDA
compared to the Blast only and Sham_6-OHDA. Post-hoc Fisher’s LSD; *p<0.05; **p<0.01,
**%p<0.001. Error bars represent SEM.
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3.1.3.4.  Exploratory and locomotor activity: distance travelled, mean speed,
immobility time and rearing frequency

Similarly, distance travelled and mean speed was assessed using the open field. Figure 42a
shows the progression of their distance travelled up to 45 days post-injury. Average distance
travelled was measured at 4-5 weeks post-injury showed no significant group effect
[F(5,22)=0.99, p=0.44] (Fig. 42b). At 6-7 weeks post-injury a significant group effect was
observed [F(5,23)=5.30, p=0.002, *p<0.05, **p<0.01]. Post-hoc analysis showed significant
decrease in the Blast+Sub 6-OHDA group (39.34 £ 6.28 m/15-min, n=6) compared to the
Sub_6-OHDA only (63.60 £+ 5.06 m/15-min, n=6); similar to the 6-OHDA group (37.09 £ 5.56
m/15-min, n=5). This supports a synergistic effect of the blast and subthreshold 6-OHDA
injection. However, the Blast only group (40.52 + 3.86 m/15-min, n=5) show significant
decrease when compared to the Sham_Blast group (54.07 + 2.14 m/15-min, n=4); a similar trend
to the 6-OHDA and Blast+Sub_ 60HDA group.

We observed a similar trend in the mean speed assessment. At 4-5 weeks post-injury we
observed a significant group effect [F(5,22)=3.26, p=0.02, *p<0.05, **p<0.01] (Fig. 43b). A
significant decrease was observed in the Blast+Sub 6-OHDA (0.047 £+ 0.005 m/s, n=5), 6-
OHDA (0.045 + 0.005 m/s, n=4), when compared to the Sub_6-OHDA only (0.068 = 0.003 m/s,
n=6). In addition, at 6-7 weeks post injury we observed a significant group effect [F(5,22)=6.75,
p=0.001, *p<0.05, **p<0.01, ***p<0.001] (Fig. 43c). A significant decrease was observed in
the Blast+Sub_6-OHDA (0.040 + 0.007 m/s, n=5), 6-OHDA (0.034 + 0.008 m/s, n=4), when
compared to the Sub_6-OHDA only (0.070 + 0.005 m/s, n=6) and the Sham 60OHDA (0.062 +
0.004 m/s, n=4). Interestingly, a trend of decrease was observed in the Blast only group (0.044 +
0.002 m/s, n=5) compared to the Sham_Blast group (0.060 = 0.002 m/s, n=4).

Immobility time assessment showed no significant group effect [F(5,23)=1.64, p=0.188] at 4-
5 weeks post-injury (Fig. 44b). However, at 6-7 weeks a significant group effect was observed
[F(5,23)=6.80, p=0.000, *p<0.05, **p<0.01] (Fig. 44c). A significant increase was observed in
the Blast+Sub_6-OHDA group (478.32 + 60.39 s, n=6) similar to the 6-OHDA group (533.90 +
80.65 s, n=4); when compared to the Sub 6-OHDA (254.45 + 24.46 s, n=6) or the Sham_6-
OHDA (299.07 + 50.26 s, n=4). Interestingly, a significant increase was observed in the Blast
group (559.47 + 38.39 s, n=5) when compared to the Sham_ Blast (343.81 + 34.0 s, n=4).
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Furthermore, a significant group effect was observed in the rearing frequency [F(5,23)=7.23,
p=0.000, *p<0.05, **p<0.01, ***p<0.001] at 4-5 weeks post injury (Fig. 45b). Post-hoc analysis
showed a significant decrease of rearing activity in the Blast+Sub 6-OHDA (35.10 + 4.21
counts, n=5), similar to the 6 OHDA (33.83 £ 2.72 counts, n=6) when compared to the Sub_6-
OHDA (55.10 £ 3.75 counts, n=5) and Sham_6-OHDA (48.66 + 6.93 counts, n=3). Blast group
(21.41 £ 4.45 counts, n=6) showed a significant decrease when compared to the Sham Blast
(39.37 £ 6.72 counts, n=4). In addition, a significant group effect [F(5,23)=11.36, p=0.0001,
*p<0.05, **p<0.01, ***p<0.001] was also observed at 6-7 weeks post-injury (Fig. 45c). Post-
hoc analysis showed a significant decrease of rearing activity in the Blast+Sub_6-OHDA (27.25
+ 4.99 counts, n=6), similar to the 6 OHDA (22.83 + 1.03 counts, n=6) when compared to the
Sub_6-OHDA (54.30 + 4.08 counts, n=5) and Sham 6-OHDA (43.16 + 6.58 counts, n=3). Blast
group (17.25 £ 3.06 counts, n=6) showed a significant decrease when compared to the
Sham_Blast (50.50 £+ 10.75 counts, n=3).

Overall the assessment of distance travelled, mean speed, immobility time and rearing
frequency showed significant behavioral deficits in the Blast+Sub-6-OHDA similar to the 6-
OHDA group. These data support a synergistic effect, that when the mild-blast injury and sub-
threshold 6-OHDA are combined, it produces overall locomotor and exploratory behavior
impairments. However, the deficits observed in the Blast only group indicate a long-term
consequence in the fine motor performance after the injury. Traumatic brain injury such as blast
injury presents a very complex pathophysiology and individuals exposed to such injury suffer
from long-term motor and cognitive functions and thus increasing their risk in developing
neuropsychiatric and neurodegenerative diseases [252-257]. Similarly, animal models of TBI
such as controlled cortical impact (CCI) and fluid percussion injury (FPI) also show the same
long-term behavior deficits [139, 258-262]. Our rat mild-blast model show no significant motor
and cognitive deficits acutely (Section 1), however approximately at one month after injury, they

show behavioral deficits similar to what is observed in TBI victims and animal models of TBI.
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Figure 42: Differences in Total Distance Traveled. (A) Graph showing the progression of distance
travelled (normalized to baseline) of all the groups throughout the study. (B) Average distance
travelled at 4-5 weeks post-injury shows no significant group effect [F(5,23)=2.33, p=0.075]. (C)
Average distance travelled at 6-7 weeks post injury show significant group effect [F(5,23)=5.23,
p=0.002].The Blast+Sub-6-OHDA group shows significant decrease similar to the 6-OHDA group
when compared to Sub_ 60HDA and Sham_6-OHDA. The Blast only shows significant decrease
compared to the Sham_Blast. Post-hoc Fisher’s LSD; *p<0.05; **p<0.01, ***p<0.001.Error bars
represent SEM.
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Figure 43: Differences in Average Mean Speed. (A) Graph showing the progression of mean speed
(normalized to baseline) of all the groups throughout the study. (B) Average mean speed at 4-5 weeks
post-injury shows significant group effect [F(5,22)= 3.26, p=0.024]. Blast+Sub_6-OHDA group shows
significant reduction similar to 6-OHDA group when compared to Sub_6-OHDA .(C) Average mean
speed at 6-7 weeks post injury show significant group effect [F(5,22)=6.75, p=0.001]. The Blast+Sub-
6-OHDA group shows significant reduction of speed similar to the 6-OHDA group when compared to
Sub 60HDA and Sham 6-OHDA. The Blast only shows significant decrease compared to the
Sham_Blast. Post-hoc Fisher’s LSD; *p<0.05; **p<0.01, ***p<0.001. Error bars represent SEM.
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Figure 44: Differences in Immobility Time. (A) Graph showing the progression of immobility time
(normalized to baseline) of all the groups throughout the study. (B) Average immobility time at 4-5 weeks
post-injury shows no significant group effect [F(5,23)= 1.64, p=0.18]. (C) Average immobility time at 6-
7 weeks post injury show significant group effect [F(5,23)= 6.80, p=0.000].The Blast+Sub-6-OHDA
group shows significant increase of immobility time similar to the 6-OHDA group when compared to

Sub 6-OHDA and Sham_6-OHDA. The Blast only shows significant increase compared to the
Sham_Blast. Post-hoc Fisher’s LSD; *p<0.05; **p<0.01, ***p<0.001.Error bars represent SEM.
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Figure 45: Differences in Rearing Frequency (A) Graph showing the progression of rearing frequency
(normalized to baseline) of all the groups throughout the study. (B) Average rearing frequency at 4-5
weeks post-injury shows significant group effect [F(5,23)=7.23, p=0.0001]. Blast+Sub_6-OHDA group
show significant reduction of rearing frequency similar to 6-OHDA when compared to Sub_6-OHDA and
Sham_6-OHDA. Blast group show significant reduction compared to the Sham_Blast. (C) Average
rearing frequency at 6-7 weeks post injury show significant group effect [F(5,23)=11.36, p=0.0001]. The
Blast+Sub-6-OHDA group shows significant decrease of rearing frequency similar to the 6-OHDA group
when compared to Sub_6-OHDA and Sham_6-OHDA. The Blast only shows significant decrease
compared to the Sham_Blast. Post-hoc Fisher’s LSD; *p<0.05; **p<0.01, ***p<0.001.Error bars represent
SEM.
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3.1.3.5.  Role of acrolein in PD-like motor deficits in the 6-OHDA rat model and
blast injury

Urine levels of the acrolein metabolite, 3-HMPA, were measured from each animal on each
group. In Fig. 46 we show that 3-HPMA is elevated in the 6-OHDA group compared to the
Sub_6-OHDA and the control, Sham 6-OHDA groups. The data are expressed as mean (=SEM)
of their 3-HMPA measurements normalized to their baseline. We demonstrate that at five days
post surgery there is an increasing trend of 3-HPMA levels, but no statistically significant group
effect (Fig 46a). However fifteen days post-surgery there is a statistically significant group
effect, ANOVA [F(2,11)=8.08, p=0.007]. Tukey’s Post-hoc comparison between Sham 6-
OHDA vs. 6-OHDA (*p<0.05) and Sub_6-OHDA vs. 6-OHDA (**p<0.01) show significant
increased levels of 3-HPMA in the 6-OHDA group (Fig. 46b). This supports previous studies
that oxidative stress, particularly acrolein, is increased in PD and perhaps is a major contributor
of ROS production and if not mitigated leads to neurodegeneration. Additionally, these 3-
HMPA measurements can be correlated to the motor and locomotor behavior deficits thus
demonstrating that the increased levels of 3-HPMA induce motor deficits in the 6-OHDA PD rat
model.

Furthermore, we monitored the 3-HMPA levels in the mild Blast+Sub_6-OHDA group (Fig.
47). Our data are expressed as mean (=SEM) of 3-HPMA quantity normalized to creatinine
(ug/mg). There is a statistically significant increase of 3-HPMA in their urine after injury
relative to their baseline measurements. ANOVA [F(3,15)=8.88, p=0.001] and Tukey’s HSD
post-hoc analysis show significant increase of 3-HPMA levels 2-Days Post-Blast (*p<0.05), 1
Day Post-Sub_6-OHDA Surgery (**p<0.01), and 20 Days Post-blast (*p<0.05) compared to
their baseline levels. Additionally, when we compared Blast+Sub 6-OHDA group to the
Sham_ Blast and Blast only groups we show a statistically significant increased of 3-HPMA
levels at two days ([F(2,10)=7.71, p=0.009]; Sham Blast vs. Blast and Sham Blast vs.
Blast+Sub_6-OHDA(*p<0.05). Subsequently, twenty days post-injury the 3-HPMA levels are
sustained (Fig. 18B). Here, we show that the combination of mild-blast TBI and sub_threshold
6-OHDA can potentiate the increase of 3-HPMA levels in the urine as compared to the mild-
blast only and relatively to the sub_6-OHDA group, indicating that the combination of these two
injuries increases oxidative stress similar to the 6-OHDA PD model. These levels of 3-HMPA
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can also be correlated to the motor performance test (rotarod), and exploratory/locomotor

measurements (open box).

®Sham_6-OHDA " Sub_6-OHDA ®6-OHDA

*
—
* %
—

3-HPMA Measurements
Normalized to Baseline
(Arbitrary Unit)
—_

5 15
Time Post-Surgery (Days)

Figure 46: 3-HMPA, an acrolein metabolite, is increased in urine of the Parkinson’s
Disease rat model (6-OHDA). Data are expressed as mean (£S.E.M.) of the normalized 3-
HPMA (ug/mg) levels to their respective baseline. Group treatment summary: Sham 6-
OHDA is the control group (injection of saline in the SN), Sub_6-OHDA (4 pg/2ul injection
of 6-OHDA toxin into the SN), and 6-OHDA (8ug/2ul injection of 60HDA into SN). At S5
days post surgery, ANOVA shows no significant group effect [F (2,11)=1.08, p=0.37]. The
ANOVA test 15 days post surgery show a significant group effect [F(2,11)=8.08, p=0.007].
A post-hoc comparison using Tukey’s HSD was used to compare Sham 60HDA vs. 6-
OHDA (*p<0.05) and Sub 6-OHDA vs. 6-OHDA (**p<0.01) groups and showing
significant differences between groups. Error bars represent SEM.
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Figure 47: The combination of blast injury and sub-threshold 60HDA nigral injection heightens
the 3-HMPA, an acrolein metabolite, compared to only blast injured animals. (A) 3-HPMA
measurements from the Blast+Sub 6-OHDA group, data are expressed as mean (+S.E.M.). ANOVA
shows significant increase of 3-HPMA levels [F(3,15)=8.88, p=0.001]. Tukey’s post-hoc test shows a
significant increase of 3-HPMA levels 2-days post blast (¥*p<0.05), 1-day post surgery (**p<0.01), and 20-
days post-blast (¥*p<0.05) relative to their baseline. (B) Data expressed as mean (+S.E.M.) and normalized
to their baseline. Group treatment summary: Sham_Blast is the control group (anesthesized and placed in
the room where the blast occurs), Blast (as described on the Methods section), Blast+Sub_6-OHDA (Blast
and 3 days after a 4 ug/2ul 60HDA was injected into the SN). There is a significant increase of 3-HPMA
levels two days post blast (ANOVA [F(2,10)=7.71, p=0.009), Tukey’s post-hoc indicates significant
increase in the blast (*p<0.05) and blast+Sub_6-OHDA (*p<0.05). Measurements twenty days post-blast
injury also show significant increase of 3 HPMA levels [F(2,9)=5.44, p=0.02], Tukey’s post-hoc shows
increased 3-HPMA levels in blast and blast+sub 6-OHDA groups relative to the sham blast group
(*p<0.05). Error bars represent SEM.
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4. NEUROPROTECTIVE ROLE OF PHENELZINE, AN ACROLEIN
SCAVENGER, POST-MILD-bTBI

4.1. Behavioral Assessment and Biochemical Characterization in the
Blast+sub_threshold_6-OHDA Injury Model with Phenelzine Treatment
4.1.1. Rationale
Previous experiments from our lab demonstrate that acrolein scavengers, such as phenelzine,
can mitigate motor deficits in the PD-60HDA rat model. In addition, we show that injection of
acrolein to the brain induces PD-like motor deficits. To further investigate the role of acrolein
post-mild bTBI and its susceptibility to PD-like motor deficits and neuropathology, we used
phenelzine as a therapeutic acrolein scavenger to mitigate motor deficits observed in the mild
bTBI+Sub_threhshold 6-OHDA (results from Section 3). We instigate that the excessive
acrolein production post-blast injury exacerbates the biochemical events in the brain and can

potentiate further damage leading to the contribution to the PD-like pathology.

Blast Sub-60H
Injury Injection Behavioral Testing

Baseline .:. ,:, —

-+ 4+ ———

Day1 2 3 4 5
Post-Blast

PLZ (i.p.)
15 mg/kg

Figure 48: Section 4 Experimental Design and Timeline. Rats were trained on the rotarod
and acclimated on the open box before collecting baseline readings. A blast injury was
performed on the experimental group and 5 minutes after blast an injection of phenelzine (PLZ)
at 15 mg/kg was administered intraperotineally (i.p.). Phenelzine was administered again 24 and
48 hours post-blast. On Day 3, a sub-threshold dose of 6-OHDA (4 pg/2ul. 6-OHDA) was
stereotaxically injected into the substantia nigra. Behavioral tests were performed for a certain
period of time and animals were sacrificed according to PACUC guidelines after the study.
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4.1.2. Brief Methods

The same animal models were used as previously described in sections 2 and 3. Male
Sprague Dawley rats (weight 350-450 grams) were used in this study. The rats were kept on a
12 h light/12 h darkness cycle and free access to water and food, and at controlled temperature of
25 °C. The experiments were performed under the strict accordance with PACUC guidelines.
Blast injury was performed as described in Aim 1 and sub-threshold 6-OHDA in Aim 2. A dose
of 15 mg/kg of phenelzine was administered to each animal post-mBINT. Fig. 48 shows a time
line of the experiment for this aim.

4.1.3. Results and Discussion

4.1.3.1.  Phenelzine alleviates PD-like motor deficits: rotarod activity and
spontaneous rotations

Fig. 49a shows that the treatment of phenelzine post-mild TBI, before induction of sub-6-
OHDA (Blast/PLZ/Sub60H group; 208 + 4.8 s) shows an improvement of motor performance
compared to the non-phenelzine treated group (Blast+sub-6-OHDA; 172 + 10.4 s). The average
motor performance was calculated at the end of the study and represented on each bar (Fig. 49b).
ANOVA analysis shows significant group effects [F(2,9)=5.88, P<0.05] and a post-hoc
comparison between blast/PLZ/sub-6-OHDA (203 + 4.8 s) and Blast+sub-6-OHDA (172 +10.4
s) shows a statistically significant improvement in motor performance in the PLZ treated group
(p<0.05). Therefore, we show that phenelzine treatment post-blast can be effective for
alleviating these deficits. These data further implicate the role of acrolein post-mBINT and
perhaps with other factors can contribute to the susceptibility to PD-like motor deficits and
supports the therapeutic properties of phenelzine as shown in our previous studies.

Figure 50a shows the average rotational preference (ipsiversive vs. contraversive) amongst
the groups measured at 4-5 weeks post- injury. There is an observed increase ipsiversive
rotational preference in the Blast+Sub 6-OHDA (77.76 + 10.12 rotations/15-min, n=5)
compared to contraversive rotation (61.2 £ 6.43 rotations/15-min, n=5) but not significant.
However, at 6-7 weeks post injury Blast+Sub_6-OHDA group (Fig. 50b) showed a significant
ipsiversive rotational preference 86.20 + 6.84 rotations/15-min, n=5) compared to its
contraversive rotations (55.75 + 11.42 rotations/15-min, n=4, *p<0.05). Consequently the

Blast+PLZ+Sub_6-OHDA did not show a significant ipsiversive (65.00 + 7.07 rotations/15-min,
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n=4) preference as compared to its contraversive rotations (78.20 + 3.45 rotations/15-min, n=5).
ANOVA comparison of the ipsiversive rotation amongst group shows significant group effect
[F(2,9)=4.90, p=0.036, *p<0.05, **p<0.01]. The phenelzine treated group, Blast+PLZ+Sub 6-
OHDA, showed improvement (65.00 + 7.07 rotations/15-min, n=4), compared to the non-PLZ
treated group, Blast+Sub_6-OHDA (86.20 + 6.84 rotations/15-min, n=5). The PLZ group only
(57.66 + 4.69 rotations/15-min, n=3).
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Figure 49: The treatment of phenelzine post-blast improves motor performance on the
rotarod. (A) Shows that Phenelzine treatment (15 mg/kg, i.p.) after blast injury shows
improvement of motor performance (Blast/PLZ/Sub-60H group) compared to the non-phenelzine
treated group (Blast+Sub60H) . (B) The average motor performance of each animal on each group
were calculated and represented on each bar. ANOVA shows significant group effects [F=5.88,
p=0.02]. A post-hoc comparison using a two-sample t-test assuming equal variance was used to
compare Blast/PLZ/Sub-60H vs. Blast+Sub60H (*p<0.05) show significant differences in motor
activity. Error bars represent SEM.
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4.1.3.2.  Phenelzine alleviates exploratory and locomotor activity: distance
travelled, mean speed, immobility time and rearing frequency

Distance travelled assessment showed no significant group effect [F(2,10)=1.12, p=0.36] at
4-5 weeks post injury (Fig. 51a) However at 6-7 weeks post-injury showed significant group
effect [F(2,10)=4.27, p=0.046, *p<0.05] (Fig 51b). Post-hoc analysis showed a significant
improvement of distance travelled in the phenelzine treated group, Blast+PLZ+Sub 6-OHDA,
(53.51 + 3.83 rotations/15-min, n=5), compared to the non-PLZ treated group, Blast+Sub 6-
OHDA (35.64 £+ 6.21 rotations/15-min, n=5). The PLZ group only (51.57 + 0.18 rotations/15-
min, n=3).

Similarly, the mean speed assessment showed no significant group effect [F(2,10)=1.92,
p=0.19] (Fig. 52a) at 4-5 weeks post injury at 4-5 weeks post injury. However at 6-7 weeks
post-injury showed near significant group effect [F(2,10)=3.84, p=0.05, *p<0.05] (Fig 52b).
Post-hoc analysis showed a significant improvement of mean speed in the phenelzine treated
group, Blast+PLZ+Sub 6-OHDA, (0.06 + 0.004 m/s, n=5), compared to the non-PLZ treated
group, Blast+Sub_6-OHDA (0.04 + 0.007 m/s, n=5). The PLZ group only (0.05 £ 0.0003 m/s,
n=3).

Immobility time assessment showed significant group effect [F(2,11)=5.45, p=0.023,
*p<0.05] at 4-5 weeks post-injury (Fig. 53a). Post-hoc analysis showed a significant
improvement of immobility time assessment in the phenelzine treated group, Blast+PLZ+Sub 6-
OHDA, (289.0 + 21.41 s, n=5), compared to the non-PLZ treated group, Blast+Sub 6-OHDA
(409.85 + 40.30 s, n=6). The PLZ group only (259.43 + 2547 s, n=3). Consequently, a
significant group effect [F(2,11)=5.57, p=0.021, *p<0.05] at 6-7 weeks post injury (Fig 53b).
Post-hoc analysis showed a significant improvement of immobility time assessment in the
phenelzine treated group, Blast+PLZ+Sub 6-OHDA, (292.83 + 20.02 s, n=5), compared to the
non-PLZ treated group, Blast+Sub 6-OHDA (478.32 + 60.39 s, n=6). The PLZ group only
(280.63 +29.02 s, n=3).

The rearing frequency assessment showed no significant group effect [F(2,9)=3.70, p=0.06]
(Fig. 54a) at 4-5 weeks post injury at 4-5 weeks post injury. However at 6-7 weeks post-injury
showed a significant group effect [F(2,11)=4.43, p=0.03, *p<0.05] (Fig 54b). Post-hoc analysis
showed a significant improvement of mean speed in the phenelzine treated group,

Blast+PLZ+Sub_6-OHDA, (41.80 + 3.0 counts, n=5), compared to the non-PLZ treated group,
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Blast+Sub_6-OHDA (27.25 £+ 4.99 counts, n=6). The PLZ group only (48.66 + 8.44 counts,
n=3).

The complex pathophysiology of traumatic brain injuries, such as blast injuries, presents
difficulties in developing therapeutic targets and interventions.  The current surgical
interventions and supportive treatments do not directly address secondary neurological
abnormalities [254, 256]. Current animal treatment studies have examined short survival time
points and lack long-term assessment effects of TBI [259, 261, 263]. More importantly, early
therapeutic intervention may be a key step to prevent these long-term consequences especially
with the mild form of traumatic brain injury where behavioral symptoms are undetectable during
the early stages of the injury. Here we present data supporting a key role of acrolein scavengers,
such as phenelzine, as an effective therapeutic target post-mild blast injury. Our data show, early
treatment of phenelzine post-blast injury improved the long-term behavioral consequences as
measured in the rotarod activity and open-box parameters. These data also further implicate the
role of secondary injures post-blast injury, such as acrolein, may be playing a key role in these

behavioral deficits.
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Figure 50: Assessment of rotational behavior in the phenelzine treated blast+sub_6-OHDA. (A)
Rotational assessment at 4-5 weeks post-injury. The Blast+Sub 60HDA group show a trend of increase
ipsiversive rotational preference but not significant. ANOVA analysis of the ipsiversive rotation shows no
significant group effect [F(2,10)= 0.56, p=0.58]. (B) Rotational assessment at 6-7 weeks post injury.
The non-phenelzine treated group show significant ipsiversive rotational preference (*p<0.05), the
phenelzine treated group, Blast+PLZ+Sub_6-OHDA did not show any rotational preference. ANOVA
analysis of the ipsiversive rotation indicates significant group effect [F(2,9)= 4.90, p=0.036]. Significant
decrease in the Blast+PLZ+Sub 6-OHDA compared to the Blast+Sub_6-OHDA. Post-hoc Fisher’s LSD;
*p<0.05; **p<0.01, ***p<0.001. Error bars represent SEM.
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Figure 51: Total Distance Traveled in the Phenelzine Treated Blast+Sub_6-OHDA. (A) Graph
showing the progression of distance travelled (normalized to baseline) of all the groups (B) Average
distance traveled at 4-5 weeks post-injury shows no significant group effect [F(2,10)=1.12, p=0.036].
(C) Average distance traveled at 6-7 weeks post injury show significant group effect [F(2,10)=4.27,
p=0.04]. The phenelzine treated group, Blast+PLZ+Sub-6-OHDA, shows significant increase
compared to the non-phenelzine treated group, Blast+Sub_6-OHDA. Post-hoc Fisher’s LSD; *p<0.05;
**p<0.01, ***p<0.001. Error bars represent SEM.
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Figure 52: Mean Speed Assessment in the Phenelzine Treated Blast+Sub_6-OHDA. (A)
Graph showing the progression of mean speed (normalized to baseline) of all the groups (B)
Average mean speed at 4-5 weeks post-injury shows no significant group effect [F(2,10)=1.92,
p=0.19]. (C) Average mean speed at 6-7 weeks post injury show a near significant group effect
[F(2,10)= 3.84, p=0.05]. The phenelzine treated group, Blast+PLZ+Sub-6-OHDA, shows
significant increase compared to the non-phenelzine treated group, Blast+Sub_6-OHDA. Post-hoc
Fisher’s LSD; *p<0.05; **p<0.01, ***p<0.001.Error bars represent SEM.
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Figure 53: Immobility Time in the Phenelzine Treated Blast+Sub_6-OHDA. (A) Graph
showing the progression of immobility time (normalized to baseline) of all the groups (B) Average
immobility at 4-5 weeks post-injury shows significant group effect [F(2,11)=5.45, p=0.02].The
phenelzine treated group, Blast+PLZ+Sub_6-OHDA, shows significant decrease compared to the
non-phenelzine treated group, Blast+Sub_6-OHDA. (C) Average immobility time at 6-7 weeks
post injury show a significant group effect [F(2,11)=5.57, p=0.02]. The phenelzine treated
group, Blast+PLZ+Sub-6-OHDA, shows significant decrease compared to the non-phenelzine
treated group, Blast+Sub_6-OHDA. Post-hoc Fisher’s LSD; *p<0.05; **p<0.01,
*#%p<0.001.Error bars represent SEM.
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Figure 54: Rearing Frequency in the Phenelzine Treated Blast+Sub_6-OHDA. (A) Graph
showing the progression of rearing frequency (normalized to baseline) of all the groups (B) Average
rearing frequency counts at 4-5 weeks post-injury shows no significant group effect [F(2,9)= 3.70,
p=0.06]. (C) Average rearing frequency at 6-7 weeks post injury show a significant group effect
[F(2,11)=4.43, p=0.03]. The phenelzine treated group, Blast+PLZ+Sub-6-OHDA, shows significant
increase compared to the non-phenelzine treated group, Blast+Sub_6-OHDA. Post-hoc Fisher’s LSD;
*p<0.05; **p<0.01, ***p<0.001.Error bars represent SEM.
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4.1.3.3.  Phenelzine, acrolein scavenger, mitigation post-mild bTBI

Furthermore, we measured acrolein indirectly in the urine by detecting 3-HPMA from
each sample group. Fig. 55 shows bar graph comparison of the normalized levels of 3-HPMA
between non-phenelzine treated and phenelzine treated groups at different time points of the
injury. Using at two-tailed t-test to compare between groups on each time point, we show a
significant decrease of 3-HPMA levels in the phenelzine treated group compared to the non-
phenelzine treated group two days post blast (**p<0.01), one day post sub-6-OHDA injection
(*p<0.05) which continually decreases even at fifteen days post surgery (*p<0.05). Error bars
represent SEM. The 3-HPMA urine measurement results demonstrate that phenelzine can
mitigate acrolein levels. Given that these data can be correlated with the behavior motor
improvements as measured in the rotarod and open activity box, and the reduction of acrolein
through phenelzine can mitigate these deficits, it suggests that acrolein post-mild TBI may have

a key role in promoting the susceptibility of PD-like motor deficits.
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Figure 55: Treatment of phenelzine mild-bTBI injury reduces the levels of 3-HPMA, an
acrolein metabolite, in the urine. Bar graphs are normalized levels of 3-HPMA to creatinine
(ug/mg) in the urine 2 days post-mild bTBI, 1 day post sub_6-OHDA nigral injection and 20
days post-mild TBI; comparison between the phenelzine treated group (Blast/PLZ/60H) and
the non-treated group (Blast/60H). Multivariate ANOVA indicates there is a significant
overall effect of Blast/Injury [F(1,7)=46.3,p<0.01] and comparison between the Blast/Sub60H
and Blast/PLZ/Sub60H using a two-sample t-test assuming equal variance show significant
differences 2 days Post-Blast (**p<0.01), 1 Day Post Surgery (*p<0.05), and 20 days post-
blast (*p<0.05). Error bars represent SEM.
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5. CONCLUSIONS AND FUTURE DIRECTIONS

The lack of understanding of mild-blast TBI pathophysiological mechanisms as well as the
limited number of effective PD therapies motivates us to find alternative avenues for therapeutic
targets, particularly to treat in the window of time between post-blast and pre-PD symptoms. We
hypothesize that oxidative stress, specifically acrolein, plays a critical role in linking blast-TBI
and PD. Our results from this study demonstrate that acrolein scavenging may provide a more
effective method for neuroprotection from such neuronal insults (Section 4). Because we are
limited with the variability of these injuries in human studies and lack of animal models, a
consistent and reliable model is essential to further understand the pathology of mild bTBI. Our
model shows no motor deficits on our rotarod performance test, as relatively similar to those
observed clinically (Fig. 4, 5). However, post-mortem tissue analysis shows extensive
biochemical changes in the whole brain and nigrostriatal pathway (Section 1). From these
results, we can speculate that secondary injuries such as acrolein are elevated post-mild TBI and
can be a critical factor in regulating PD biomarkers such as TH and a-synuclein.

PD is a complex disease and the mechanisms of dopaminergic neuronal death are still largely
uncharacterized. Senescence and genetic mutations are the most common factors for increased
susceptibility, but other factors such as traumatic brain injury have been gaining attention [87].
As one of the most frequent injuries suffered from increased military conflicts, the main focus of
this research is mild bTBI. Individuals that are deployed to war conflicts have a higher exposure
to blast injuries and most of them suffer from long term consequences such as post-traumatic
stress disorder, depression, and PD, our main research focus. Our biochemical results show that
mild bTBI can modulate PD markers such as increased aberrant expression of a-synuclein,
dysregulation TH activity and increased Tau neuropathy in the whole brain and nigrostriatal
region hence supporting that mild bTBI increases susceptibility to PD.

Since acrolein has been identified as an essential mediator of secondary injury in spinal cord
injury and its high reactivity to biomolecules [36, 44, 47, 185, 264], points toward the idea that
the elevated acrolein levels post-blast are contributing in part to the dysregulation of PD
biomarkers, particularly tyrosine hydroxylase and a-synuclein. Due to acrolein’s longer half-

life, on the order of hours to days [36], it provides a longer time period compared to the transient
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free radicals (ROS), which can further impose injury to the CNS. Therefore, acrolein scavenging
may provide a more effective method for neuroprotection from such neuronal insults.

However, further investigation is warranted to understand precisely how these PD markers
are affected by acrolein. Specifically, future studies need to focus on how acrolein induces post-
translational modifications of a-synuclein, particularly ubiquitination, since we observed a
species of suspected to be ubiquitinated a-synuclein (25 kDa) post-blast. Future in vitro
experiments are needed to test if acrolein directly induces ubiquitination. Measuring
ubiquitinated a-synuclein in post-mortem tissue of blast-injured animals would potentially
validate those results. In addition, we can further investigate on how ubiquitinated a-synuclein
species can regulate the activity of TH at pSer 40 and also further investigate the other TH
phosphorylation sites. Future experiments are warranted to investigate both the regulation of TH
through PKA and PKCd and how acrolein affects these kinases to further understand the
observed post-mBINT decrease in TH activity. Thorough investigation of acrolein effects the
molecules such as kinases and phosphatases which regulate the key players in PD pathology,
specifically TH and a-synuclein, will help us understand the pathogenesis of mBINT and how it
can potentiate the development of PD. This will further our knowledge on how to treat and find
avenues for therapeutic intervention and/or potentially prevent the long-term consequences of
mBINT, particularly PD.

To further resolve the relationship between mBINT and PD, we established a sub-threshold
60HDA model, a lower dosage of 6-OHDA from the full 6OHDA PD model, which shows no
motor deficits, and combine it with mBINT. Our results show that a combination of mBINT and
a sub-threshold injection of 6-OHDA produce PD-like motor deficits, similar to the full 6-OHDA
PD model (Rotarod and open box measurements. These locomotor and exploratory deficits can
be correlated with acrolein measurements obtained by utilizing 3-HPMA detection in the urine
and provide further evidence on the role of acrolein post-mBINT. We also show that treatment
with phenelzine, an effective acrolein scavenger, can mitigate these motor deficits and that it also
correlated with our acrolein measurements. These results support acrolein’s role post-mBINT in
potentiating may susceptibility to PD.

In summary, these studies support the hypothesis that acrolein post-mBINT contributes
significantly to the secondary injury mechanisms similar to what is observed in SCI, and can

promote development of PD pathology. Our results further demonstrate that acrolein plays a key
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role in both mBINT and PD, providing additional evidence regarding cellular and biochemical
mechanism of acrolein-mediated insults for both pathologies. These studies can serve to expand
our knowledge of the role of acrolein in both mBINT and PD; in order to further investigate
mechanisms to effectively attenuate oxidative stress and improve recovery after the injury, and
collectively promote neuroprotection. Thus, acrolein scavenging may be a novel therapeutic
avenue to attenuate oxidative stress following neuronal trauma and can prevent further long-
term consequences such as PD.

Our future studies will further assess the ability of acrolein scavenging to mitigate the risk of
PD in post-blast injured rats and also the effect of comorbidities such as smoking and alcohol to
intensify the susceptibility of PD in post-mild TBI. Another desirable future study would be the
investigation of multiple mild-bTBIs and how it can potentiate in the development of PD.
Nonetheless, the results from our project will advance our understanding of the long-term
consequences of blast and development of PD. Our findings show potential for therapeutic
application to improve the lifestyle of our military personnel and patients with PD as well as to
alleviate the emotional and financial costs associated with these diseases. Once established,
acrolein-targeting therapeutics could be extended to diseases such as multiple sclerosis,
Alzheimer’s disease and even cancer.

Overall, this present study provides a comprehensive biochemical and behavioral
understanding of a rodent mild blast injury model. This will contribute to our limited knowledge
of the injury and its susceptibility to other diseases particularly, PD and the development for
diagnostics of blast-induced traumatic brain injury. Furthermore, it will provide a basis for better

therapeutic targets to mitigate the long-term consequences of bTBI.
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